





































































"the	 otherCO2	 problem",	 ocean	 acidification.	When	 CO2	 dissolves	 in	 oceanic	 water,	 it	 forms	 carbonic	
acid,	which	then	partially	dissociates	into	protons	and	bicarbonate	ions	leading	to	a	decrease	in	seawater	
pH	and	a	decrease	 in	 carbonate	 saturation	 state.	Ocean	acidification	has	been	 shown	 to	 impact	many	
marine	species,	 in	particular	calcifiers,	while	fish	have	been	deemed	resilient	to	this	stressor.	Recently,	
this	picture	has	been	revised	as	 fish	early	 life	stages,	 i.e.	eggs	and	 larvae	have	been	reported	to	being	
heavily	 impacted	 by	 increased	 CO2	 partial	 pressure	 (pCO2).	 Most	 likely,	 the	 lack	 of	 gills	 during	 early	
developmental	 stages,	 the	 most	 important	 organ	 for	 acid-base	 regulation	 in	 adult	 fish,	 makes	 them	
susceptible	 to	 high	pCO2.	My	 study	 species	 is	 the	 Atlantic	 cod	 (Gadus	morhua),	 a	 keystone	 species	 in	
many	 parts	 of	 the	 North	 Atlantic	 with	 high	 commercial	 value.	With	 a	 distribution	 from	 temperate	 to	
polar	 regions	 on	 both	 sides	 of	 the	 Atlantic	we	 already	 observe	 pole-ward	 range	 shifts	 in	 this	 species,	




by	 simulated	 ocean	 acidification.	 For	 this,	 simulated	 levels	 of	 predicted	 ocean	 acidification	 in	 in	 vivo	
laboratory	 experiments	 were	 applied	 and	 various	 larval	 traits	 examined.	 First,	 the	 physiological	
phenotype	 under	 simulated	 ocean	 acidification	 is	 examined:	 growth,	 organ	 damages	 and	 bone	
development,	considering	the	interaction	with	energy	availability	(Chapter	1).	Then,	whole	transcriptome	
sequencing	 (RNA-Seq)	 is	 used	 to	 assess	 the	 underlying	 molecular	 phenotype	 and	 to	 elucidate	 the	
underlying	 transcriptomic	 mechanisms	 to	 the	 observed	 phenotypes	 (Chapter	 2).	 Recent	 studies	 have	






the	 pCO2	 treatment,	 a	 general	 acceleration	 of	 development	 was	 observed.	 At	 a	 low,	 more	 realistic,	
feeding	regime,	larvae	only	grew	larger	under	increased	pCO2,	had	more	ossified	bone	structure,	a	better	
biochemical	 condition	 yet	 more	 frequent	 organ	 damage	 compared	 to	 control	 pCO2.	 Generally,	 this	
observed	 increase	 in	growth	and	ossification	under	simulated	ocean	acidification	can	be	considered	as	
an	 accelerated	development	 similar	 to	 the	 development	 under	 high	 energy	 availability.	 This	 is	 further	
supported	when	examining	gene	expression	patterns.	Here,	later	larval	developmental	stages	(36	days-





with	 newly	 developed	 first	 gill	 filaments)	 showed	 very	 few	 changes	 in	 gene	 expression	 patterns,	with	
only	 3	 and	 16	 genes	 differing,	 respectively.	 Particularly,	 the	 absence	 of	 differentially	 expressed	 genes	
related	 to	 acid-base	 regulation	 and	 the	 cellular	 stress	 response	 led	 to	 the	 conclusion	 that	 early	 cod	
larvae	 were	 either	 unable	 to	 perceive	 increased	 pCO2	 as	 a	 stressor,	 or	 were	 unable	 to	 respond	 to	 it	
transcriptomically.	 Thus,	 ocean	 acidification	 presents	 a	 “stealth	 stressor”	 to	 Atlantic	 cod	 larvae,	
considering	 the	 effects	 it	 has	 on	 mortality	 and	 organ	 damages	 despite	 the	 lack	 of	 a	 transcriptomic	
response.	
In	order	 to	 assess	 the	effects	 of	 parental	 acclimation,	 parents	were	exposed	 to	 ambient	 and	elevated	
pCO2	conditions	for	five	months	prior	to	gamete	collection.	None	of	the	previously	mentioned	effects	of	
increased	pCO2	on	 the	 larvae	were	 identified,	 independent	of	 the	parental	 acclimation.	No	changes	 in	
mortality,	 growth,	 respiration	 rate,	 ossification	 and	 other	 traits	 including	 whole	 transcriptome	
sequencing	 were	 observed.	 This	 is	 puzzling	 as	 numerous	 previous	 experiments	 have	 yielded	 such	
repeatable	responses	to	simulated	ocean	acidification.	But	when	examining	the	available	information	on	
the	parental	generation	of	fish	in	the	experiment	described	in	chapter	3,	it	became	evident	that	a	large	
part	 of	 the	 conducted	 research	 on	 the	 effects	 of	 ocean	 acidification	 on	 early	 life	 stages	 in	 fish	 –	 and	
possibly	 all	 other	 taxa	 -	 has	 a	 potential	 bias:	 When	 fish	 are	 under	 human	 husbandry,	 cultivation	 or	
breeding,	 most	 often	 their	 environment	 changes	 dramatically;	 lack	 of	 predators	 and	 competitors,	
controlled	abiotic	conditions	and	generally	more	resources	potentially	leading	to	a	better	condition	are	
often	observed.	Favourable	conditions	could	 result	 in	 increased	gamete	quality	which	 in	 case	of	many	
fish	will	 lead	to	higher	survival	 in	the	offspring.	The	five-month	acclimation	of	the	parental	generation,	
including	trice	weekly	ad	libitum	feeding,	resulted	in	a	much	higher	condition	(doupling	in	hepatosomatic	
index)	 compared	 to	 the	 newly	 caught	 fish	 used	 in	 previous	 experiments	 (chapters	 1	 and	 2),	 thus	
potentially	 leading	 to	 better	 provisioned	 eggs	 and	 more	 resilient	 larvae.	 A	 meta-analysis	 on	 all	
experiments	 addressing	 survival	 in	 cod	 larvae	 under	 increased	 pCO2	 clearly	 shows	 that	 survival	 is	
negatively	 impacted	 by	 simulated	 levels	 of	 ocean	 acidification.	 While	 this	 does	 not	 invalidate	 any	
previous	finding	of	susceptibility	or	resilience	of	certain	species	to	ocean	acidification,	it	urges	the	need	
for	 control	 of	 the	 parents,	 the	 parental	 environments	 and	 conditions	 to	 properly	 assess	 the	 larval	
response	and	to	create	unbiased	results	applicable	to	wild	populations.	Due	to	the	unexpected	outcome	
of	 this	 experiment,	 the	 potential	 of	 long-term	 acclimation	 to	 predicted	 ocean	 acidification	 remains	
unanswered	as	well	as	the	mechanisms	causing	the	potential	transgenerational	acclimation. 
Overall,	this	dissertation	has	provided	several	new	insights	into	larval	fish	ecology	under	climate	change.	
While	 larvae	 of	 Atlantic	 cod	 reacted	 phenotypically,	 by	 increased	 growth	 and	 bone	 ossification,	 to	
simulated	levels	of	ocean	acidification,	no	such	patterns	could	be	identified	on	the	transcriptome	level	in	
direct	response	to	increased	pCO2.	Further,	the	experiment	on	the	effects	of	parental	acclimation	and	its	







Konzentrationen	 von	 Kohlendioxid	 (CO2)	 in	 der	 Atmosphäre,	 einem	 der	 gefährlichsten	 Treibhausgase.	
Dies	 führt	 nicht	 nur	 zu	 einem	 Anstieg	 der	 globalen	 Temperatur,	 sondern	 die	 direkte	 Auflösung	 von	
anthropogenem	 CO2	 in	 Meerwasser	 verursacht	 auch	 „das	 andere	 CO2-Problem":	 Ozeanversauerung.	
Wenn	 sich	 CO2	 in	Ozeanwasser	 löst,	 bildet	 es	 Kohlensäure,	 die	 teilweise	 in	 Protonen	 und	 Bikarbonat-
Ionen	 dissoziiert,	 was	 zu	 einer	 Abnahme	 des	 pH-Werts	 des	 Meerwassers	 und	 einer	 Abnahme	 des	
Sättigungszustands	 der	 Karbonatlösung	 führt.	 Ozeanversauerung	 beeinflusst	 viele	 Meeresorganismen,	
besonders	 jene,	die	Kalkstrukturen,	wie	 z.B.	Gehäuse	und	Schalen,	bilden.	 Fische	hingegen	wurden	als	
widerstandsfähig	 gegen	 diesen	 Stressfaktor	 eingestuft.	 Seit	 einiger	 Zeit	 wird	 diese	 Auffassung	 jedoch	
geändert,	 da	 frühe	 Lebensstadien	 von	 verschiedenen	 Fischarten,	 d.h.	 Eier	 und	 Larven,	 stark	 durch	
erhöhten	 CO2-Partialdruck	 (pCO2)	 beeinflusst	 werden.	 Die	 wahrscheinlichste	 Erklärung	 dafür	 ist	 das	
Fehlen	von	Kiemen	in	diesen	Entwicklungsstadien,	dem	wichtigsten	Organ	für	die	Säure-Base-Regulation	
bei	ausgewachsenen	Fischen.	Eine	der	Arten	mit	empfindlichen	Larvenstadien	ist	der	Atlantische	Dorsch	
(Gadus	 morhua),	 eine	 Schlüsselart	 in	 vielen	 Teilen	 des	 Nordatlantiks	 und	 von	 hohem	 kommerziellem	
Wert.	Da	der	Dorsch	auf	beiden	Seiten	des	Atlantiks	von	gemäßigten	bis	 in	polare	Regionen	verbreitet	
ist,	wird	 vermutet,	 dass	 er	 versuchen	wird	der	 globalen	Erwärmung	durch	Pol	 gerichtete	Migration	 zu	
entkommen.	 Jedoch	stellt	Migration	keine	Lösung	dar,	um	einem	verringerten	pH-Wert	des	Ozeans	zu	




in	 mehreren	 in	 vivo	 Laborexperimenten	 aufgenommen.	 Zunächst	 wurde	 der	 physiologische	 Phänotyp	
unter	 simulierter	 Ozeanversauerung	 untersucht:	 Wachstum,	 Organschäden	 und	 Knochenentwicklung,	
alles	 unter	 Berücksichtigung	 der	 Wechselwirkung	 mit	 Energieverfügbarkeit	 der	 Larven	 (Kapitel	 1).	
Anschließend	 wurde	 Transkriptom-Sequenzierung	 (RNA-Seq)	 verwendet,	 um	 die	 molekularen	
Mechanismen	 aufzudecken,	 die	 den	 beobachteten	 Phänotypen	 zugrunde	 liegen	 (Kapitel	 2).	 Jüngste	
Studien	haben	gezeigt,	dass	eine	generationsübergreifende	Akklimatisierung	zu	einer	Verringerung	der	
negativen	 Auswirkungen	 der	 Ozeanversauerung	 führen	 kann.	 Um	 eine	 mögliche	 Verminderung	 der	
schädlichen	Auswirkungen	von	erhöhtem	pCO2	zu	untersuchen,	wurden	verschiedene	Fitnessmerkale	an	
Larven	 untersucht,	 deren	 Elterngeneration	 zuvor	 5	 Monate	 bei	 verschiedenen	 pCO2	 Werten	
akklimatisiert	wurde	(Kapitel	3).	
Wenn	 Dorschlarven	 einem	 erhöhten	 pCO2	 ausgesetzt	 waren,	 reagierten	 sie,	 abhängig	 von	 der	
Verfügbarkeit	 des	 Futters,	 in	 den	 untersuchten	Merkmalen	 verschieden.	 Eine	ad	 libitum	 Fütterung	 im	
Vergleich	 zu	 einem	 begrenzten	 Fütterungsangebot	 -	 unabhängig	 vom	 pCO2	 –	 bewirkte	 ein	 erhöhtes	
Wachstum	 und	 verursachte	 eine	 allgemeine	 Beschleunigung	 der	 Entwicklung.	 Bei	 dem	 niedrigen,	
realistischeren	 Fütterungsangebot	 waren	 die	 Larven	 nur	 unter	 erhöhtem	 pCO2	 größer,	 hatten	 eine	






untersuchten	 Genexpressionsmustern	 unterstützt.	 Hier	 zeigten	 spätere	 Larvenstadien	 (36	 Tage	 nach	
Schlupf)	 1413	 Gene,	 die	 differentiell	 zwischen	 verschiedenen	 pCO2	 Levels	 expressioniert	 wurden.	 Bei	
Betrachtung	 der	 annotierten	 Funktionen	 wurde	 es	 jedoch	 offensichtlich,	 dass	 die	 beobachteten	
Veränderungen	 im	 Transkriptom	 höchstwahrscheinlich	 auf	 die	 unterschiedlichen	
Entwicklungsgeschwindigkeiten,	induziert	durch	die	pCO2	Behandlungen,	zurückzuführen	sind	und	nicht	
auf	einen	direkten	Effekt	der	Ozeanversauerung.	Noch	interessanter	ist,	dass	frühere	Larvenstadien	(vor	
der	 Kiemenentwicklung	 oder	 mit	 gerade	 entwickelten	 ersten	 Kiemenfilamenten)	 sehr	 wenige	
Veränderungen	 in	 den	 Genexpressionsmustern	 aufwiesen,	 wobei	 sich	 3	 bzw.	 16	 Gene	 unterschieden.	
Insbesondere	das	Fehlen	von	differentiell	exprimierten	Genen	im	Zusammenhang	mit	der	Säure-Basen-
Regulation	 und	 der	 zellulären	 Stressreaktion	 führte	 zu	 der	 Schlussfolgerung,	 dass	 frühe	 Dorschlarven	
entweder	 erhöhte	 pCO2	 Konzentrationen	 nicht	 als	 Stressor	 wahrnehmen	 können,	 oder	 nicht	
transkriptomisch	darauf	reagieren.	Somit	stellt	die	Ozeanversauerung	einen	Stealth	Stressor	 (getarnten	
Stressor)	 für	 Atlantische	 Dorschlarven	 dar,	 in	 Anbetracht	 der	 Auswirkungen	 auf	 Mortalität	 und	
Organschäden	bei	fehlender	transkriptomischer	Antwort.	
Um	die	 Auswirkungen	 der	 parentalen	Akklimatisierung	 zu	 beurteilen,	wurde	 die	 Elterngeneration	 fünf	
Monate	lang	vor	der	Ei	und	Spermien	Entnahme	Kontroll-	bzw.	erhöhten	pCO2-Bedingungen	ausgesetzt.	
Jedoch	 wurden	 keine	 der	 zuvor	 erwähnten	 Effekte,	 verursacht	 durch	 erhöhten	 pCO2,	 auf	 die	 Larven,	
gefunden	 und	 dies	 unabhängig	 von	 der	 parentalen	 Akklimatisierung.	 Es	wurden	 keine	 Veränderungen	
der	 Mortalität,	 des	 Wachstums,	 der	 Stoffwechselrate,	 der	 Verknöcherung	 und	 anderer	 Merkmale,	
einschließlich	 der	 Genexpression,	 beobachtet.	 Dies	 ist	 widersprüchlich,	 da	 zahlreiche	 frühere	
Experimente	 replizierbare	 Reaktionen	 auf	 simulierte	 Ozeanversauerung	 gezeigt	 haben.	 Bei	 der	
Untersuchung	 der	 verfügbaren	 Informationen	 über	 parentale	 Generationen	 von	 Fischen	 in	
verschiedenen	 Experimenten	 wird	 jedoch	 deutlich,	 dass	 ein	 großer	 Teil	 der	 durchgeführten	
Untersuchungen	zu	den	Auswirkungen	der	Ozeanversauerung	auf	die	frühen	Lebensstadien	von	Fischen	-	
und	 möglicherweise	 anderen	 Taxa	 -	 eine	 potenzielle	 Fehlerquelle	 aufweist:	 Wenn	 sich	 Fische	 in	
menschlicher	 Obhut	 befinden,	 ändert	 sich	 ihre	 Umwelt	 meist	 dramatisch;	 Fehlen	 von	 Räubern	 und	
Konkurrenten,	 kontrollierte	 abiotische	 Bedingungen	 und	 im	 Allgemeinen	 mehr	 Ressourcen,	 die	
möglicherweise	 zu	 einem	 besseren	 Allgemeinzustand	 führen	 können.	 Eine	 erhöhte	 Fitness	 könnte	 zu	
einer	 erhöhten	 Gametenqualität	 führen,	 die	 bei	 vielen	 Fischen	 in	 einer	 höheren	 Überlebensrate	 der	
Nachkommen	 resultiert.	 Die	 fünfmonatige	 Akklimatisierung	 der	 parentalen	 Generation,	 einschließlich	
der	dreimal	wöchentlichen	ad	libitum	Fütterung,	führte	zu	einer	höheren	Kondition	im	Vergleich	zu	der	
von	 neu	 gefangenen	 Fischen	 in	 früheren	 Experimenten	 (Kapitel	 1	 und	 2),	 was	 potentiell	 zu	 qualitativ	
hochwertigeren	Eiern	und	Larven	führen	könnte.	Eine	Meta-Analyse	aller	bisher	durchgeführten	Dorsch-
Experimente	 zeigt	 deutlich,	 dass	 die	 Überlebensrate	 von	 Dorschlarven	 durch	 simulierte	
Ozeanversauerung	negativ	beeinflusst	wird.	Dies	macht	 zwar	 keine	 früheren	Befunde	über	Anfälligkeit	
oder	 Resilienz	 bestimmter	 Fischarten	 gegenüber	 Ozeanversauerung	 nichtig,	 legt	 jedoch	 nahe,	 die	
parentale	 Generation	 inklusive	 deren	 Umgebung	 und	 Fitness	 zu	 kontrollieren,	 um	 die	 Larvenreaktion	
richtig	 einzuschätzen	 und	 unvoreingenommene	 Vorhersagen	 für	Wildpopulationen	 treffen	 zu	 können.	
	 XI	
Aufgrund	 des	 unerwarteten	 Ergebnisses	 des	 Experiments,	 bleibt	 das	 Potential	 der	 langfristigen	




Verknöcherung	 auf	 simulierte	Niveaus	 der	Ozeanversauerung	 reagieren,	 konnten	 keine	 solche	Muster	
auf	Transkriptomniveau	als	direkte	Reaktion	auf	erhöhten	pCO2	identifiziert	werden.	Darüber	hinaus	hat	
das	 Experiment	 durch	 die	 Erkenntnisse	 zur	 parentalen	 Akklimatisierung	 das	 Potenzial,	 die	
weiterführende	 Forschung	 insoweit	 zu	 stimulieren,	 nicht	 nur	 die	 parentale	 Akklimatisierung,	 sondern	
















































The	 concentration	 of	 atmospheric	 carbon	 dioxide	 (CO2)	 is	 constantly	 increasing	 since	 the	 onset	 of	
industrialisation,	 from	280	ppm	 (Caldeira	&	Wickett,	 2003)	 to	presently	exceeding	406	ppm	at	Mauna	










while	 this	–	 in	 the	 long	 term	–	slows	down	further	warming	of	 the	atmosphere,	 it	does	cause	another	
problem:	ocean	acidification	(OA),	also	been	named	“the	other	CO2	problem”	(Doney	et	al.,	2009).	When	
CO2	 is	 absorbed	 into	 the	oceans,	 it	 reacts	with	water	 (H2O)	 (formula	 1)	 to	 form	 carbonic	 acid	 (H2CO3)	
which	 is	 found	 in	equilibrium	states	with	bicarbonate	 (HCO3-)	and	 free	hydrogen	 ions	 (H+)	and	 further,	
carbonate	(CO32-)	with	free	hydrogen	ions	(H+).	














The	 increase	 in	 protons	 is	 measured	 as	 a	 decrease	 in	 ocean	 pH	 and	 results	 in	 changes	 in	 the	 ocean	
carbonate	 chemistry.	 At	 pH	 8.1,	 90	 %	 of	 all	 inorganic	 carbon	 is	 found	 in	 form	 of	 bicarbonate.	 This	
percentage	increases	under	ocean	acidification	while	the	amount	of	carbonate	decreases,	 lowering	the	
calcium	 carbonate	 saturation	 state	 (Orr	 et	 al.,	 2005;	Doney	 et	 al.,	 2009).	 This	 effect	 has	 already	been	
observed	 as	 a	 decrease	 of	 ocean	 surface	 water	 pH	 from	 8.2	 to	 8.1	 since	 pre-industrial	 times.	 It	 is	
predicted	 to	 decrease	 further	 down	 to	 a	mean	 global	 sea	 surface	 pH	of	 below	7.8	 or	 7.9	 by	 the	 year	
2100,	 depending	 on	 different	 emission	 scenarios	 (RCP8.5	 and	 RCP4.5,	 respectively),	 this	 would	
correspond	to	the	atmospheric	CO2	concentrations	(IPCC,	2013)	of	~	960	µtam	or	550	µtam	(see	figure	
2).	Even	though	variations	in	atmospheric	CO2	levels	have	occurred	throughout	earth	history,	the	current	
rate	of	change	 is	unprecedented	over	geological	 time	(Hönisch	et	al.,	2012).	Climate	change	 is	already	
impacting	the	marine	fauna	(Poloczanska	et	al.,	2013).	While	ocean	warming	can	be	evaded	by	poleward	
migration	and	changes	in	distribution	ranges,	as	already	observed	in	fish	populations	(Perry	et	al.,	2005),	
no	 such	 migrations	 provide	 refugia	 from	 predicted	 increases	 in	 ocean	 pCO2	 exposure	 to	 ocean	
acidification.	
	























marine	organisms	 (Brierley	&	Kingsford,	 2009;	 Kroeker	 et	 al.,	 2013).	 Particularly,	 calcifying	 species	 are	
threatened	by	 increased	pCO2	 including	habitat	 forming	 species	 such	as	 corals	 (Hoegh-Guldberg	et	al.,	
2007;	 Anthony	 et	 al.,	 2008)	 but	 also	 molluscs	 (Gazeau	 et	 al.,	 2013)	 and	 calcifying	 plankton	 such	 as	















Early	 life	 stages	 of	 fish	 have	 often	 not	 been	 included	 when	 summarizing	 fish	 susceptibility	 to	 ocean	





life	 stages	 is	 highly	 susceptible,	 reproduction	would	not	 be	 successful,	 resulting	 in	 population	decline.	
Thus,	knowledge	on	the	effects	on	all	life	stages	is	important.	The	following	chapter	will	summarize	the	
current	 state	 of	 knowledge	 on	 early	 life	 stages,	 the	 most	 vulnerable	 stages,	 in	 reaction	 to	 ocean	
acidification.	 As	 this	 dissertation	 is	 focusing	 on	 the	 impacts	 of	 simulated	 ocean	 acidification	 of	 larval	
Atlantic	cod	(see	box)	special	emphasis	is	put	on	the	effects	on	this	species.		
Various	levels	of	increased	pCO2	(1260-4635	µatm)	did	not	result	in	changes	in	embryonic	development	
and	 hatching	 success	 in	 herring	 compared	 to	 ambient	 conditions	 (Franke	&	 Clemmesen,	 2011).	While	
similar	 patterns	 of	 embryonic	 development	were	 since	 observed	 for	 other	 species	 (Hurst	 et	 al.,	 2013;	
Tseng	et	al.,	2013).	Other	studies	identified	species	that	suffered	decreased	hatching	success	under	near	
future	predicted	ocean	acidification	levels	(Chambers	et	al.,	2014;	Faria	et	al.,	2017)	and	in	one	case,	a	
decrease	 in	 embryonic	 survival	 (Forsgren	 et	 al.,	 2013).	 Time	 to	 hatch	was	 also	 impacted	 in	 one	 study	









DePasquale	 et	 al.,	 2015;	Mu	et	 al.,	 2015;	Munday	 et	 al.,	 2016).	 Interestingly,	 some	 studies	 have	 even	
found	 a	 positive	 effect	 of	 increased	 pCO2	 on	 the	 survival	 of	 larvae	 (Pope	 et	 al.,	 2014;	 Diaz-Gil	 et	 al.,	
2015).	Even	susceptibility	within	species	has	been	shown	to	vary.	While	Eastern	Baltic	cod	larval	survival	
was	not	effected	by	very	high	pCO2	levels	(1260-4000	µatm)	(Frommel	et	al.,	2013),	both	Western	Baltic	
Sea	 and	Barents	 Sea	 cod	 showed	 a	 dramatic	 increase	 in	 larval	mortality	when	 exposed	 to	 1100	μatm	




(Munday	 et	 al.,	 2009b;	 Dixson	 et	 al.,	 2012;	 Nilsson	 et	 al.,	 2012;	 Welch	 et	 al.,	 2014)	 and	 have	 been	
suggested	to	be	caused	by	disrupting	gamma-aminobutyric	acid	(GABA)	recepter	function	by	changes	in	
ion	 concentration	 in	 the	 extracellular	 fluids	 (Nilsson	 et	 al.,	 2012;	 Regan	 et	 al.,	 2016).	 This	 body	 of	




metabolism.	 The	 proposed	 mechanism	 is	 an	 increase	 in	 seawater	 pCO2	 causing	 an	 increased	 energy	
demand	due	to	the	increased	Na+/K+	ATPase	activity	to	retain	the	Na+	gradient	between	gill	and	seawater	
allowing	for	proton	export	(Gilmour	&	Perry,	2009).	But	while	Amphiprion	melanopus	(Miller	et	al.,	2012)	
under	1032	µatm	showed	an	 increase	 in	oxygen	consumption,	Pimentel	et	al.	 (2014a,	2014b)	reported	
decreased	 metabolic	 rates	 for	 Coryphaena	 hippurus	 and	 Solea	 senegalensis.	 However,	 none	 of	 the	
studies	were	able	 to	 conclusively	 address	 the	 causes	of	 changes	 in	oxygen	 consumption	 in	 relation	 to	
increased	 environmental	 pCO2.	 The	 hypothesis	 that	 increased	 energy	 demand,	 due	 to	 ion	 regulation	
cost,	would	result	in	smaller	larvae	as	less	energy	remains	for	growth	and	development	(Melzner	et	al.,	
2009a)	 is	not	universally	confirmed	in	fish	 larvae.	Both	decreases	and	increases	in	body	size	have	been	
observed	 (compare	 Baumann	 et	 al.,	 2012;	 Pimentel	 et	 al.,	 2014a,	 2016;	 Frommel	 et	 al.,	 2016	 to	
Chambers	et	al.,	2014;	Pimentel	et	al.,	2016).	Early	(non-feeding)	 larval	stages	of	Eastern	Baltic	cod	did	
not	 show	 any	 changes	 in	 growth	 (Frommel	 et	 al.,	 2013)	 while	 larvae	 from	 a	 Norwegian	 coastal	 cod	
population	were	 heavier	 under	 increased	pCO2	 at	 32	 dph	 (Frommel	 et	 al.,	 2012).	 As	 for	 survival,	 the	
entirety	of	underlying	mechanisms	of	changes	in	growth	patterns	remains	elusive.	
One	of	the	most	severe	results	of	simulated	ocean	acidification	on	fish	larvae	is	found	as	tissue	damages	







Measurements	 related	 to	 otoliths	 (ear	 stones	 of	 fishes)	 in	 fish	 larvae	 vary	 and	 cannot	 easily	 be	




seems	 to	 be	 accelerated	 under	 simulated	 ocean	 acidification	 (Crespel	 et	 al.,	 2017).	 The	 increase	 of	
calcification	(deposition	of	CaCO3)	of	otoliths	could	be	explained	by	increased	HCO3-	concentrations	and	
thus	 substrate	 availability	 for	 calcification	 in	 the	 endolymph	 surrounding	 the	 otolith	 (Checkley	 et	 al.,	
2009),	 but	 no	 explanations	 are	 so	 far	 given	 for	 changes	 in	 bone	 ossifications	 as	 these	 are	 mainly	
consisting	of	calcium	phosphate	(hydroxyapatite)	deposits	versus	calcium	carbonate	in	the	otoliths. 
Other,	more	rarely	examined	traits	 include	biochemical	 indicators	(RNA/DNA)	reflecting	on	the	state	of	
the	 protein	 synthesis	 capacity	 of	 larvae	 (Franke	 &	 Clemmesen,	 2011;	 Frommel	 et	 al.,	 2014),	 energy	
metabolism	(Silva	et	al.,	2016),	heart	rate	of	embryos	and	larvae	(Mu	et	al.,	2015;	Lonthair	et	al.,	2017)	
as	well	 as	 lipid	 content	 (Diaz-Gil	 et	 al.,	 2015)	 and	 composition	 (Murray	 et	 al.,	 2017),	 and	 feeding	 rate	







early	 larvae	 lack	gills,	 ion	exchange	 is	generally	 limited	to	so	called	chloride	cells	before	functional	gills	
are	developed.	These	Na+/K+	ATPase-rich	 ionocytes	are	 found	on	the	epithelia	and	yolk	sacks	of	 larvae	
(Falk-Petersen,	2005;	Dahlke	et	al.,	2017).		
ACID-BASE	REGULATION	IN	RESPONSE	TO	OCEAN	ACIDIFICATION	IN	FISHES	
The	 regulation	 of	 extracellular	 fluid	 pH,	 such	 as	 blood	 and	 haemolymph,	 has	 been	 suggested	 to	 be	 a	
crucial	 characteristic	 of	 species	 tolerant	 to	 high	 pCO2	 as	 a	 lack	 of	 the	 same	 could	 lead	 to	 metabolic	
depression	(Melzner	et	al.,	2009a	and	references	within)	and	cause	a	change	from	aerobic	to	anaerobic	
metabolism	 (Michaelidis	et	al.,	2007).	The	main	buffering	 system	 in	blood/haemolymph	 responding	 to	
decreases	 in	 pH	 is	 the	 CO2-carbonate	 system	 including	 the	 interaction	 of	 pH,	 pCO2	 and	 bicarbonate	
(HCO3-).	To	summarize,	an	increase	in	pCO2	causes	a	decrease	in	extracellular	pH,	which,	in	case	of	acid	
base	 regulators,	 is	 compensated	 over	 time	 through	 buffering	 with	 increased	 HCO3-.	 This	 returns	 the	







original	 values,	 the	 extracellular	 pCO2	 and	 HCO3-	 concentrations	 remain	 elevated.	 In	 addition	 to	 the	
described	bicarbonate	buffering,	protons	can	be	bound	in	the	non-bicarbonate	buffering	system,	mainly	
constituting	of	amino	acids	and	organic	phosphate	groups	 (Melzner	et	al.,	2009a).	Further,	CO2	can	be	
exported	 directly	 in	 a	 gaseous	 form.	 To	 allow	 for	 a	 constant	 net	 export	 of	 CO2	 from	 the	 extracellular	
fluids	 into	 the	 surrounding	 seawater,	 a	 pressure	 gradient	 is	 achieved	 by	 extracellular	 pCO2	 levels	 far	
exceeding	environmental	 levels	 (generally	2600	 to	4900	µatm)	 (Perry	&	Gilmour,	2006;	Melzner	et	al.,	
2009a).	Further,	the	above-mentioned	export	of	protons	via	H+/Na+	exchangers	requires	an	Na+	gradient	
between	cell	and	surrounding	seawater,	which	is	achieved	by	the	energy	dependent	Na+/K+	ATPase.	
Complementary	 to	 the	 extracellular	 pH,	 the	 intracellular	 pH	 is	 highly	 important	 in	 many	 catalytic	
functions	 and	 processes	 and	 needs	 to	 be	 tightly	 controlled	 in	 comparison	 to	 extracellular	 pH.	 This	 is	




The	 few	 available	 studies	 have	 focused	 on	 genes	 involved	 in	 acid-base	 regulation.	 To	 the	 best	 of	 our	
knowledge,	only	one	study	has	investigated	candidate	gene	expression	patterns	in	the	larval	stage	(Tseng	
et	al.,	2013)	and	an	additional	study	has	focused	on	the	early	juvenile	stages	(Crespel	et	al.,	2017).	While	




larval	 fish	exposed	to	simulated	ocean	acidification	yet	 it	could	provide	valuable	 information,	unbiased	
by	 candidage	gene	 selection,	on	how	 larval	 fish	 react	 to	 increased	pCO2	on	 the	gene	expression	 level.	






In	addition	 to	 the	 investigations	on	early	 life	 stages	of	cod	(Frommel	et	al.,	2012,	2013,	Maneja	et	al.,	
2013a,	 2013b;	 Stiasny	 et	 al.,	 2016;	 Dahlke	 et	 al.,	 2017)	 (see	 section	 “Effects	 of	 ocean	 acidification	 on	
early	 life	 stages	 of	 fish”),	 numerous	 other	 studies	 have	 examined	 the	 effects	 of	 increased	 pCO2	




response	 to	 increase	 pCO2	 of	 selected	 candidate	 genes	 related	 to	 acid-base	 regulation	 in	 my	 study	


















larvae,	 upon	 depletion	 of	 their	 yolk	 sac	 start	 to	 feed	 on	 zooplankton.	 After	metamorphosis	 from	 larvae	 to	
juvenile,	cod	start	to	feed	on	an	omnivorous	diet	that	can	shift	with	season,	location	and	size.	Atlantic	cod	is	
listed	as	“vulnerable”	in	the	IUCN	Red	List	(IUCN,	2017).	
Its	 habitats,	 the	 Arctic	 Atlantic	 Ocean	 including	 the	 Barents	 Sea,	 home	 of	 the	 largest	 cod	 population,	 the	









differential	 gene	 expression	 for	Na+/K+-ATPase	ATP1a1,	Na+/H+	 exchanger	NHE3,	Na+/HCO3−	 exchanger	
NBCa,	HCO3-	 transporter	SLC26A6	and	carbonic	anhydrase	CA15a	was	 identified	between	ambient	and	
high	CO2	treatments,	while	no	change	was	observed	between	ambient	and	medium	treatments	under	10	
°C	 (Hu	 et	 al.,	 2016).	 On	 the	 other	 hand,	 fish	 acclimated	 to	 18	 °C	 only	 showed	 differences	 in	 gene	
expression	 in	 HCO3-	 transporter	 SLC26A3.2	 and	 most	 prominently,	 a	 drastic	 decrease	 of	 carbonic	
anhydrase	(CA2)	mRNA	abundance.	
With	 the	exception	of	 two	publications	 (Frommel	 et	 al.,	 2013;	Maneja	 et	 al.,	 2013b),	 all	 larval	 studies	
show	a	strong	effect	of	simulated	ocean	acidification	an	larvae	of	Atlantic	cod,	no	conclusive	impacts	of	
ocean	 acidification	 on	 juvenile	 and	 adult	 cod	 and	 other	Gadidae	 could	 be	 found.	While	 numerous	 of	
these	studies	identified	effects,	often	applying	very	high	pCO2	levels	in	additional	combination	with	high	
temperature	treatments;	numerous	other	investigated	traits	were	not	affected	at	all.	In	view	of	all	these	
findings,	 juvenile	 and	 adult	 cod	 can	 be	 considered	 relatively	 unaffected	 on	 a	 phenotypic	 level	 to	
predicted	levels	of	pCO2,	even	though	changes	in	gene	expression	suggest	other	metabolic	and	energetic	




Generally,	 most	 studies	 investigating	 the	 effects	 of	 ocean	 acidification	 on	 marine	 organisms	 have	
focused	on	a	single	life	stage	with	relatively	short	exposure	times,	even	though	the	predicted	increase	in	
ocean	pCO2	 is	 not	 an	 immediate	 change,	 but	 a	 continuous	 rise.	 Further,	 assessment	 of	 one	 life	 stage	
does	not	allow	an	evaluation	of	a	species’	overall	vulnerability	to	the	stressor,	 if	one	life	stage	is	highly	
impacted,	 the	 organism	 should	 be	 considered	 susceptible	 to	 the	 increased	 pCO2.	 Another	 issue	 with	
single	generation	approaches	are	the	direct	exposure	experiments	and	their	exclusive	consideration	of	




phenotype	 over	 time	 (reviewed	 by	 Merilä	 &	 Hendry,	 2014).	 These	 changes	 can	 either	 be	 caused	 by	
evolutionary	adaptations	on	a	population	scale	or	by	phenotypic	plasticity	 (Reusch,	2014).	While	 it	has	
been	 suggested	 that	most	 populations	 could	 accommodate	 a	 standing	 genetic	 variation	which	would	
allow	 for	 evolutionary	 adaptation	 to	 the	 effects	 of	 climate	 change	 by	 positive	 selection	 of	 certain	
genotypes	of	higher	fitness	(Shaw	&	Etterson,	2012;	Pespeni	et	al.,	2013).	The	majority	of	experimental	




1989)	 is	 the	 other	 way	 to	 change	 an	 organism’s	 phenotype	 in	 response	 to	 environmental	 change.	
Plasticity	 can	 be	 separated	 into	 three	 categories:	 reversible,	 developmental	 and	 transgenerational	
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plasticity	(Donelson	et	al.,	2017).	Reversible	and	developmental	plasticity	are	defined	to	one	generation.	
In	 the	 case	 of	 reversible	 plasticity,	 once	 the	 stressor	 has	 declined	 the	 phenotype	 changes	 back	 to	 its	
original	state	while	changes	due	to	developmental	plasticity	are	irreversible	changes	to	the	phenotype.	If	
the	observed	phenotype,	however,	is	the	result	of	the	interaction	between	the	environment	experienced	
by	 the	 present	 and	 the	 previous	 generation,	 the	 plasticity	 is	 transgenerational	 (Salinas	 et	 al.,	 2013;	
Donelson	 et	 al.,	 2017).	 The	 effects	 of	 transgenerational	 plasticity	 (TGP)	 have	 been	 described	 under	
various	 synonyms	 such	as	maternal	 effects	 (Burgess	&	Marshall,	 2011)	 ,	 transgenerational	 acclimation	
(Donelson	et	al.,	2012)	and	anticipatory	parental	effects	(Uller	et	al.,	2013).	TGP	is	generally	considered	
to	 be	 regulated	 by	 epigenetic	 modifications	 that	 alter	 the	 phenotype	 of	 the	 observed	 generation	 in	
relation	to	the	previous	generations	(Jablonka	&	Raz,	2009).		
Studies	that	have	addressed	the	potential	of	TGP	in	response	to	ocean	acidification,	show	at	least	partial	
mediation	 (as	 a	 reduction	 of	 the	 negative	 effects)	 in	 response	 to	 the	 stressor	 (Thor	&	Dupont,	 2015),	
while	other	studies	could	only	 identify	such	mediation	by	transgenerational	acclimation	 in	some	of	the	
examined	 traits	 (Parker	 et	 al.,	 2012;	 Chakravarti	 et	 al.,	 2016).	 In	 the	 reef	 fish,	 Acantochromis	
plyacanthus,	 parental	 exposure	 to	 increased	 pCO2	 did	 not	 lead	 to	 any	 improvement	 of	 lateralizing	
behaviour	 or	 response	 to	 olfactory	 cues,	 both	 heavily	 impacted	 under	 simulated	 ocean	 acidification	
(Welch	et	al.,	2014).	Amphiprion	melanops	on	the	other	hand	showed	general	improvement	in	affected	
traits	 under	 increased	 pCO2,	 namely	 survival,	 length,	 weight,	 metabolic	 rate	 (Miller	 et	 al.,	 2012)	 and	
behaviour	 (Allan	 et	 al.,	 2014)	 when	 the	 parental	 generation	 was	 exposed	 to	 the	 same	 pCO2.	 In	 situ,	
seasonal	 variation	 in	 coastal	 pH	 experienced	 by	 the	 parental	Menida	 menida	 generation	 appears	 to	
affect	the	resilience	of	larvae	from	different	seasons	in	response	to	increased	pCO2	(Murray	et	al.,	2014).	
Various	 studies	 applying	 other	 stressors	 than	 increased	pCO2,	 found	 positive,	 neutral	 and/or	 negative	
effects	of	transgenerational	exposure	under	many	conditions	(Shama	&	Wegner,	2014;	Donelson	et	al.,	





Parental	 exposure	 to	 a	 stressor,	 however,	 is	 not	 always	 beneficial	 for	 the	 offspring.	Only	 42	%	 of	 the	
transgenerational	studies	found	a	positive	effect	of	parental	exposure	to	the	stressor,	but	in	22	%	of	the	
examined	 cases	 negative,	 accumulative	 effects	were	 shown	 (Donelson	 et	 al.,	 2017).	 An	 earlier	 review	
concluded	that	positive	effects	of	 transgenerational	acclimation	are	rare	and	evidence	 in	most	cases	 is	
weak	(Uller	et	al.,	2013).	




restoring	the	phenotype	to	“unstressed”	 levels.	Due	to	the	 long	generation	time,	often	 large	body	size	





Whole	 transcriptome	 analysis,	 e.g.	 analysis	 of	 gene	 expression	 patterns,	 is	 a	 well-established	 tool	 to	
assess	 the	 connection	 between	 the	 interaction	 of	 genotype	 and	 environment	 to	 the	 phenotype	
(DeBiasse	&	Kelly,	2016).	In	order	to	be	able	to	apply	and	transfer	the	knowledge	of	experimental	results	
to	 other	 species,	 not	 yet	 experimentally	 examined,	 a	 deeper	 understanding	 of	 the	 underlying	
physiological	 mechanisms	 of	 the	 observed	 responses	 and	 phenotypes	 caused	 by	 simulated	 ocean	
acidification	 is	 needed.	 Here,	 particularly	 the	 acid-base	 regulatory	 mechanism	 and	 the	 differences	 in	
regulatory	abilities	between	vulnerable	and	resilient	species	are	of	interest	and	need	to	be	addressed.	If	
particular	 genes	 or	 regulatory	 pathways	 are	 differentially	 expressed,	 they	 can	 be	 identified	 by	 whole	
transcriptome	sequencing,	under	ocean	acidification,	and	follow-up	hypotheses	of	what	could	potentially	
be	causing	the	observed	effects	can	be	formulated	and	addressed.	No	study	has	so	far	investigated	the	
effect	 of	 increased	 pCO2	 on	 the	 global	 transcriptome	 of	 larval	 fish	 using	 RNA-Seq	 (See	 Oomen	 &	






















This	 dissertation	 comprises	 of	 three	 chapters,	 each	 representing	 a	 manuscript	 (submitted	 or	 to	 be	
submitted)	to	a	peer-reviewed	journal.	Each	of	the	following	three	chapters	addresses	one	or	several	of	
the	 above-mentioned	 objectives.	 A	 statement	 containing	 the	 contributions	 of	 all	 authors	 is	 found	
individually	in	each	manuscript	as	well	as	in	the	Appendix.	Bibliographies	for	each	chapter	are	placed	at	
the	 end	 of	 the	 corresponding	 manuscript	 while	 supplementary	 information	 is	 to	 be	 found	 in	 the	
appendix.	A	bibliography	containing	 references	of	 the	 Introduction	as	well	as	Discussion	and	Synthesis	







This	 chapter	 addresses	 the	 question	 how	 larval	 cod	 are	 phenotypically	 affected	 by	 predicted	 end-of-
century	pCO2	 levels	 (objective	1)?	The	phenotypic	 response	of	Atlantic	cod	 larvae	 to	predicted	end-of-
century	 levels	 was	 assessed	 in	 regard	 to	 growth,	 bone	 ossification,	 gill	 development	 and	 histological	




























century	 pCO2	 levels	 (objective	 2).	 The	 global	 gene	 expression	 patterns	 of	 larvae	 at	 three	 different	













For	 this	 study,	 the	parental	generation	was	 incubated	either	at	ambient	or	at	elevated	pCO2	 levels	 for	
five	months	prior	to	gamete	collection.	Eggs	and	larvae	were	subsequently	either	reared	in	the	same	or	
the	 opposite	 of	 the	 parental	 treatments.	 Phenotypic	 responses	 of	 larvae	 such	 as	 mortality,	 growth,	
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the	 Atlantic	 cod	 (Gadus	morhua)	was	 found	 to	 be	 heavily	 impaired	 by	 end-of-century	 levels	 of	 ocean	
acidification.	Here,	we	show	that	 larval	growth	among	35-36	days	old	 surviving	 larvae	 is	also	affected,	
along	with	organ	development	and	ossification	of	the	skeleton.	We	combined	CO2-treatments	(ambient:	
503	ppm,	high:	1179	ppm)	with	 food	availability	 in	order	 to	evaluate	 the	effect	of	energy	 limitation	 in	
addition	 to	 the	 ocean	 acidification	 stressor.	 Larval	 size	 and	 skeletogenesis	were	 positively	 affected	 by	
high	food	availability.	We	found	significant	interactions	between	acidification	and	food	availability	in	that	
larvae	 fed	ad	 libitum	 showed	 little	 difference	 in	 growth	 and	 skeletogenesis	 between	 the	 ambient	 and	
high	CO2	treatment.	In	contrast,	larvae	under	energy	limitation	were	significantly	larger	and	had	further	
developed	 skeletal	 structures	 in	 the	 acidified	 treatment	 compared	 to	 the	 ambient	 CO2	 treatment.	
However,	 the	 latter	 group	 revealed	 impairments	 in	 certain	 organs,	 such	 as	 the	 liver,	 and	 had	










acidification	 levels	 and	 increases	 in	 temperature	 via	 the	 indirect	 effects	 of	 CO2	 as	 a	 greenhouse	 gas.	
Commercially	 and	 ecologically	 important	 fish	 populations	 are	 progressively	 subjected	 to	 these	 global	
changes,	for	example	through	increasing	temperatures	leading	to	a	northward	movement	of	fish	stocks	
(Perry	 et	 al.,	 2005;	 Poloczanska	 et	 al.,	 2013)	 and	 due	 to	 the	 higher	 solubility	 of	 CO2	 in	 colder	waters	
leading	to	an	increase	in	ocean	acidification	levels	(Steinacher	et	al.,	2008).	A	thorough	understanding	of	
these	effects	on	individuals	and	populations	becomes	increasingly	important,	particularly	for	species	that	
are	 commercially	 exploited	 and	 where	 management	 may	 need	 adjustment	 when	 factoring	 in	 global	
change	 effects	 (Denman	 et	 al.,	 2011;	 Kjesbu	 et	 al.,	 2014;	 Lam	 et	 al.,	 2014).	 Studies	 on	 the	 effects	 of	
ocean	acidification	on	 larval	 fish	growth	have	shown	pronounced	 interspecies	variability.	For	example,	
no	effect	on	growth	rate	was	observed	for	walleye	pollack	(Theragra	chalcogramma)	(Hurst	et	al.,	2013),	




Currently,	 no	 generalizations	with	 regard	 to	 ocean	 acidification	 effects	 on	 growth	 are	 possible	 among	
species.	However,	 it	 is	believed	that	enhanced	growth	results	 in	higher	survival	during	early-life-stages,	
due	to	less	predation,	since	larvae	outgrow	the	predator	field	faster	(Bailey	&	Houde,	1989).	This	results	
in	an	evolutionary	pressure	for	fast	growth	(Houde,	1997),	which	has	been	shown	for	certain	Atlantic	cod	








Atlantic	 cod	 (Gadus	 morhua)	 is	 one	 of	 the	 most	 important	 commercial	 species	 and	 in	 particular	 the	
Arcto-Norwegian	 cod	 stock	 supports	 a	 large	 fishery.	 Their	management	 is	 already	 affected	 by	 climate	
change	 (Kjesbu	 et	 al.,	 2014).	Using	 laboratory	 experiments	 we	 were	 able	 to	 show	 that	 larvae	 of	 the	
North-East	Arctic	cod	stock	show	significantly	increased	mortality	rates	after	hatching	under	end-of-the-
century	 acidification	 levels	 with	 significant	 effects	 on	 population	 recruitment	 (Stiasny	 et	 al.,	 2016;	
Königstein	et	al.,	2017).	 In	the	present	study,	we	aim	at	 further	exploring	whether	the	surviving	 larvae	
(35	 to	 36	 dph)	were	 affected	 by	 the	 acidification	 treatment.	 Therefore,	we	 compared	 larvae	 fed	with	
different	prey	densities	 to	additionally	analyse	the	effect	of	energy	 limitation	from	ambient	 (503	ppm)	
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and	elevated	CO2	(1179	ppm)	treatments	and	measured	changes	in	size,	dry	weight,	skeletal	and	organ	
development	 (liver,	 eyes,	 pancreas,	 kidney,	 gills).	 We	 discuss	 the	 potential	 trade-offs	 in	 growth	 and	
development	in	response	to	the	different	acidification	treatments	from	two	different	feeding	regimes.	
Material	and	Methods	
The	 experiment	 was	 performed	 in	 2014	 at	 the	 Norwegian	 National	 Cod	 Breeding	 Centre	 (recently	
renamed	 to	 Centre	 for	Marine	 Aquaculture),	 in	 Tromsø,	 Norway.	 In	 order	 to	 obtain	 eggs	 and	 larvae,	
adult	 cod	were	 caught	 alive	 in	 the	 Barents	 Sea	 at	 roughly	 70°15’N,	 19°00’E	 in	March	 2014	 and	were	
transferred	 to	 the	 Centre	 in	 Tromsø.	 They	 were	 kept	 in	 large	 breeding	 tanks	 (25	 m3)	 at	 ambient	
temperature,	 light	 and	CO2	 conditions.	 Spawning	occurred	naturally	 two	weeks	after	 introduction	 into	
the	breeding	tanks	and	all	eggs	were	collected	from	the	outflow.	These	were	transferred	to	incubators	
with	 either	 ambient	 (503	 ±	 89	 µatm	 CO2)	 or	 increased	 CO2	 (1179	 ±	 87	 µatm)	 concentrations.	 Egg	







Nannochloropsis	 and	Brachionus	 until	 day	 24,	 after	 which	 feeding	was	 gradually	 switched	 to	Artemia	
nauplii.	 Prey	 concentrations	 fed	 at	 each	 feeding	 were	 the	 same	 for	 both	 treatments,	 but	 number	 of	
feedings	and	therefore	total	amount	fed	differed	(Table	1).	
Larvae	 in	 one	 tank	 in	 the	 ambient	 CO2	 treatment	 were	 abruptly	 lost	 over	 night,	 due	 to	 an	 unknown	
factor,	 resulting	 in	 six	 replicates	 for	 the	 high	 CO2	 treatment	 and	 five	 for	 the	 ambient	 treatment.	 This	
study	 was	 carried	 out	 in	 strict	 accordance	 with	 the	 laboratory	 regulations	 applicable	 in	 Norway.	 The	




connected	to	an	 IKS	computer	system.	 If	 the	values	deviated	 from	the	set	 target	pH,	a	magnetic	valve	
was	opened,	which	allowed	a	pulse	of	CO2	from	a	storage	bottle	to	go	into	the	inflow	of	the	header	tank.	
The	 volume	of	 the	header	 tank	 ensured	 a	 thorough	mixing	 and	 equilibration	of	 CO2	 before	 the	water	
entered	 the	 rearing	 tank	 thereby	 assuring	 constant	 conditions	 in	 the	 rearing	 tanks.	 The	 pH	 and	
temperature	 was	 furthermore	 manually	 checked	 every	 day	 in	 the	 rearing	 tanks	 with	 a	 separate	
pH/temperature	probe	 (WTW	pH/Cond	340i/3320).	Water	 chemistry,	 including	DIC	 and	alkalinity,	was	
tested	 weekly	 based	 on	 the	 Best	 Practices	 Guide	 (Riebesell	 et	 al.,	 2010).	 For	 further	 details	 please	
consult	the	Supplementary	Information	of	Stiasny	et	al.	(2016).	
For	 the	 growth	 measurements	 larvae	 were	 sampled	 alive,	 anaesthetized	 with	 MS222	 (Ethyl	 3-
aminobenzoate	methanesulfonate)	 and	 frozen	 at	 -20°C.	 The	 sampled	 larvae	were	 later	 photographed	
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under	 a	 stereomicroscope	 next	 to	 a	 micrometer	 scaling	 bar.	 The	 photographs	 were	 then	 used	 to	
measure	the	larval	sizes	using	the	software	ImageJ.	In	order	to	measure	dry	weight,	larvae	were	freeze-
dried	 (Christ	 Alpha	 1-4	 freeze	 dryer,	 Martin	 Christ	 Gefriertrocknungsanlagen	 GmbH,	 Osterrode,	













































































































































































1	 yes	 4.27	 7	 		 		 yes	 4.27	 7	 		 		
2	 yes	 4.27	 7	 		 		 yes	 4.27	 7	 		 		
3	 yes	 4.27	 7	 		 		 yes	 4.27	 7	 		 		
4	 yes	 4.27	 7	 		 		 yes	 4.27	 7	 		 		
5	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
6	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
7	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
8	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
9	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
10	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
11	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
12	 yes	 7.35	 7	 		 		 yes	 7.35	 7	 		 		
13	 		 7.35	 7	 		 		 		 7.35	 7	 		 		
14	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
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15	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
16	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
17	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
18	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
19	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
20	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
21	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
22	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
23	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
24	 		 3.15	 3	 		 		 		 7.35	 7	 		 		
25	 		 2.28	 3	 0.51	 3	 		 5.35	 7	 1.19	 7	
26	 		 2.28	 3	 0.51	 3	 		 5.35	 7	 1.19	 7	
27	 		 2.28	 3	 0.51	 3	 		 5.35	 7	 1.19	 7	
28	 		 2.28	 3	 0.51	 3	 		 5.35	 7	 1.19	 7	
29	 		 2.28	 3	 0.51	 3	 		 5.35	 7	 1.19	 7	
30	 		 		 		 0.53	 1	 		 		 		 0.80	 3	
31	 		 		 		 0.53	 1	 		 		 		 0.80	 3	
32	 		 		 		 0.53	 1	 		 		 		 0.80	 3	
33	 		 		 		 0.53	 1	 		 		 		 0.80	 3	
34	 		 		 		 0.53	 1	 		 		 		 0.80	 3	
35	 	 	 	 0.53	 1	 	 	 	 0.80	 3		
For	the	ossification	analysis,	36	days	old	larvae	were	fixed	in	70%	ethanol	(Schnell	et	al.,	2016).	For	the	
investigation	of	the	skeletal	development,	the	larvae	were	cleared	and	double	stained	(c&s)	in	an	acid-
free	 c&s	method,	 following	 a	modified	 protocol	 of	Walker	&	 Kimmel	 (2007).	 After	 fixation	 specimens	
were	stained	for	cartilage	in	6	ml	of	an	acid-free	alcian	blue	staining	solution	corresponding	to	Part	A	of	
Walker	 &	 Kimmel	 (2007).	 After	 24	 hours,	 the	 specimens	 were	 washed	 in	 a	 70%	 ethanol	 solution	 to	
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specimens	 were	 transferred	 to	 a	 70%	 glycerin	 solution	 for	 dissection	 and	 digital	 documentation.	 All	
specimens	 were	 digitally	 photographed	 with	 an	 Axiocam	 microscope	 camera	 attached	 to	 a	 ZEISS	
Discovery	 V20	 stereomicroscope	 and	 processed	 with	 the	 Zeiss	 ZEN	 software.	 The	 number	 of	 ossified	
vertebrae	was	counted	on	these	photographs.	The	branchial	basket	of	each	larva	was	removed	and	the	
third	 ceratobranchial	was	 dissected	 out	 and	 photographed	 in	 order	 to	measure	 the	 ossified	 structure	
(the	pink	stained	structure	in	Figure	1)	in	length	(horizontal	 line	in	Figure	1a),	the	length	of	the	longest	







Larvae	 for	 the	 histological	 analysis	 were	 fixed	 in	 4%	 buffered	 formaldehyde	 at	 35	 dph,	 embedded	 in	
Technovit®	 or	 paraffin,	 sectioned	 transversely	 or	 longitudinally	 at	 3µm,	 followed	 by	 staining	 with	
methylene	blue	or	haematoxylin	and	eosin	respectively.	Technovit-sections	from	head	region	(with	eyes,	
gills	and	heart),	front	part	of	gut	(with	liver,	pancreatic	tissue,	kidney	tissue)	as	well	as	paraffin	sections	
were	 studied	 and	 photographed	 with	 the	 microscope	 (Leitz	 Aristoplan	 with	 a	 Leica	 DFC295	 camera).	
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Moderate	or	numerous	amounts	of	vacuoles	in	the	pigment	layer	of	the	retina	were	noted	and	given	a	3-
category,	 qualitative	 score	 (some	+/several	 ++/many	+++).	A	 similar	 score	was	used	 for	 registration	of	
lipid	vacuoles	in	the	cod	larvae	livers.	
RNA/DNA	 ratios	 reflect	 the	 relative	 condition	and	growth	potential	of	 fish	 larvae,	due	 to	 the	 fact	 that	
while	 the	 DNA	 content	 is	 stable	 in	 the	 cell,	 the	 RNA	 content,	 representing	 the	 protein	 biosynthesis	
machinery	 of	 the	 cell,	 varies	 with	 the	 nutritional	 state	 of	 the	 larvae	 (Clemmesen,	 1994).	 Prior	 to	
RNA/DNA	analyses	and	lipid	determination	all	larvae	previously	stored	at	-80°C	were	freeze	dried	for	16	
hours	 (Christ	 Alpha	 1-4	 freeze	 dryer,	 Martin	 Christ	 Gefriertrocknungsanlagen	 GmbH,	 Osterrode,	
Germany)	 and	weighed	 (Sartorius	 SC2	microbalance,	 Sartorius	 AG,	 Göttingen,	 Germany;	 precision	 0.1	
µg).	Measurements	of	RNA	and	DNA	were	made	using	the	fluorometric	method	described	by	Clemmesen	
(1993)	and	modified	by	Malzahn	et	al.	 (2007).	Five	 larvae	 from	three	 replicate	 tanks	each	were	 freeze	
dried,	weighed	and	 the	 tissue	was	homogenized	 in	400	µl	or	800	µl	 0.01%	 sodiumdodecyl	 sulfate	Tris	
buffer	 (TE	 SDS),	 depending	 on	 the	 individual	 larval	 dry	 mass.	 When	 necessary,	 the	 homogenate	 was	
diluted	up	to	10-fold	with	0.01%	TE-SDS	prior	to	fluorimetric	determination.	Ethidium	bromide	was	used	
as	 a	 specific	 nucleic	 acid	 fluorescent	 dye	 for	 both	 RNA	 and	 DNA,	 and	 the	 total	 fluorescence	 was	
measured	(Fluoroskan	Ascent,	Thermo	Scientific,	Waltham,	Massachusetts,	USA).	RNAse	was	then	used	
to	 digest	 all	 RNA	 enzymatically.	 The	 RNA	 fluorescence	 was	 calculated	 by	 subtracting	 the	 DNA	
fluorescence	 from	 the	 total	 fluorescence.	 By	 using	 the	 calibration	 curve	 fitted	 to	 the	 standard	
measurements	(23	s	r-RNA	Boehringer,	Boehringer	Ingelheim	GmbH,	Ingelheim	am	Rhein,	Germany)	the	
amount	 of	 RNA	 was	 calculated.	 Following	 Le	 Pecq	 &	 Paoletti	 (1966),	 the	 DNA	 concentration	 was	
calculated	using	the	relationship	between	RNA	and	DNA	fluorescence	with	a	slope	ratio	of	standard	DNA	
to	standard	RNA	of	2.2,	which	adjusts	for	the	relative	fluorescence	intensity	difference	of	RNA	and	DNA.	
Total	 lipids	were	extracted	from	individual	 freeze-dried	and	weighted	cod	 larvae	(five	additional	 larvae	
from	 each	 tank)	 using	 a	 modification	 of	 the	 Folch	 method	 (Folch	 et	 al.,	 1957)	 with	
dichloromethane/methanol/chloroform	(1:1:1	v/v/v).	Freeze	dried	larvae	were	individually	placed	in	1.5	
ml	of	the	solution	in	a	glass	vial,	securely	capped	with	Teflon	lined	screwcaps	and	stored	at	-80°C	for	72	
hours.	 The	 defatted	 carcasses	 were	 transferred	 into	 Eppendorf	 vials	 and	 placed	 with	 open	 lids	 in	 a	
desiccator	for	48	hours	to	allow	for	evaporation	of	the	remaining	lipid	solvents	before	determining	the	
defatted	dry	weight	on	a	microscale	(Sartorius	SC2	microbalance).	By	subtracting	the	dry	weight	of	the	




For	 the	 analyses,	 two-way	ANOVAs	were	 used	 to	 test	 for	 interactions	 between	 the	 CO2	 and	 the	 food	







F=156.3,	 p<0.001)	 and	 heavier	 (df=1,	 F=277.6,	 p<0.001)	 than	 those	 in	 the	 low	 food	 treatment.	
Additionally,	there	was	a	significant	interaction	with	the	CO2	treatment	(SL:	df=1,	F=27.4,	p<0.001;	DW:	
df=1,	F=16.99,	p<0.001).	While	larval	size	at	the	high	food	regime	was	not	affected	by	the	acidification,	





+/-	 standard	 deviation.	 The	 darker	 circles	 show	 the	 high	 food	 treatment	 and	 lighter	 triangles	 the	 low	 food	
treatment.	(N=11-26	per	treatment)	
	
Under	ambient	CO2	 larvae	 in	 the	high	 food	treatment	had	nearly	4-times	more	 fully	ossified	vertebrae	
than	 those	 in	 the	 low	 food	 treatment.	 However,	 larvae	 in	 the	 low	 food,	 high	 CO2	 treatment	 had	
significantly	more	fully	ossified	vertebrae	than	those	in	the	low	food,	ambient	CO2	treatment.	In	the	high	
CO2	treatment,	the	number	of	fully	ossified	vertebrae	was	similar	between	high	and	low	food	treatment	











The	 RNA/DNA	 ratios	 were	 not	 significantly	 different	 between	 the	 CO2	 treatments	 under	 high	 food	
















high	 CO2	 treatment	 than	 those	 in	 the	 ambient	 treatment.	 The	 length	 of	 the	 longest	 gill	 filament	was	
significantly	affected	by	both	treatments	(CO2:	df=1,	F=22.1,	p<0.001;	food:	df=1,	F=5.9,	p=0.02),	with	no	
significant	 interaction	between	the	two	factors.	The	gill	 filament	was	always	longer	in	the	ambient	CO2	
treatment	 and	 in	 the	 high	 food	 regime.	 (Figure	 5b)	 The	 gill	 area	 was	 significantly	 affected	 by	 both	











The	 histological	 samples	 investigated	 showed	 different	 severities	 of	 impairments	 in	 the	 organs.	While	
vacuoles	 in	 the	 eyes	 were	 found	 across	 all	 treatments,	 vacuoles	 in	 the	 pancreas,	 the	 kidneys	 and	
particularly	 in	 the	 liver	 were	 found	 most	 commonly	 in	 larvae	 in	 the	 acidified,	 low	 food	 regime.	










interaction	 between	 prey	 availability	 and	 acidification	 on	 the	 growth	 and	 development	 of	 the	 Arcto-












as	 those	raised	under	high	 food	when	experiencing	high	CO2	concentrations.	A	noticeable	exception	 is	
found	 in	 organ	 development.	 Particularly	 the	 liver	 is	 heavily	 impaired	 in	 the	 low	 food,	 acidified	
treatment,	but	not	 in	the	high	food,	acidified	treatment.	One	possible	explanation	 is	the	trade-off	that	
the	larvae	in	the	low	food	treatment	ultimately	have	to	make	since	they	are	energy	limited.	Apparently,	
they	 spend	 more	 energy	 on	 growth	 and	 ossification	 of	 skeletal	 elements	 in	 the	 acidified	 treatment	




other	 treatments.	 This	 is	 also	 supported	by	 the	 smaller	 larval	 size	and	 fewer	ossified	vertebrae	 in	 this	
treatment.	Similar	organ	impairments	of	liver	and	gills	have	been	already	documented	as	a	downside	of	
the	trade-off	in	cod,	herring,	tuna	and	summer	flounders	(Frommel	et	al.,	2012,	2014,	2016;	Chambers	et	
al.,	2013).	The	gill	 size	was	always	smaller	 in	 the	acidified	treatment,	 independent	of	 the	 food	regime,	
even	though	larval	size	was	increased	in	the	low	food	treatment.	Considering	that	the	active	surface	of	
the	gill	 is	a	complex	three	dimensional	structure	and	therefore	several	fold	larger	than	the	dimensional	
area	 that	 was	 measured	 (Lefevre	 et	 al.,	 2017),	 these	 differences	 likely	 result	 in	 a	 very	 significant	
difference	in	functionality.	The	apparent	decoupling	of	larval	size	and	gill	size	may	have	a	huge	effect	on	
the	fitness	of	the	larvae	in	the	following	weeks	to	months.	
Studies	 on	 the	 effects	 of	 ocean	 acidification	 on	 marine	 fishes	 have	 steadily	 increased,	 however	 the	
available	data	on	growth	and	development	in	marine	temperate	fish	species	do	not	allow	for	a	general	
conclusion.	This	 is	due	to	different	experimental	setups,	different	analyzed	 life	stages	 (often	 limited	to	
very	early	life	stages,	like	embryos,	non-feeding	larvae),	and	short-term	versus	long-term	effects.	Several	
studies	have	 found	negative	effects	of	ocean	acidification	on	 the	size	of	 larval	 fishes.	Only	 few	studies	






to	no	effect	of	CO2	on	growth.	Frommel	et	al.	 (2012)	observed	 increased	 larval	growth	 in	Atlantic	 cod	
during	 some	period	of	 development,	 though	at	much	higher	CO2	 concentrations	of	 above	4000	µatm.	
The	 orange	 clownfish	 Amphiprion	 percula	 similarly	 showed	 increased	 larval	 growth	 until	 settlement	
under	 increased	CO2	concentrations,	although	 this	effect	was	not	observed	consistently	 in	 larvae	 from	
different	parents	(Munday	et	al.,	2009).	Crespel	et	al.	2017	demonstrated	a	limited	influence	of	end-of-	
century	 CO2	 levels	 on	 growth	 and	 survival	 in	 sea	 bass	 larvae,	 but	 also	 showed	 faster	 skeletal	
development	under	acidified	conditions.	
When	interpreting	the	results	on	growth	and	development,	it	is	important	to	keep	in	mind	that	survival	
in	 these	 larvae	was	 found	 to	 be	 significantly	 lower	 under	 the	 elevated	 CO2	 treatment,	 irrespective	 of	
food	levels	(Stiasny	et	al.	2016).	It	is	plausible	that	an	increased	mortality	under	elevated	CO2	levels	led	
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to	 a	 selection	 of	 specific	 phenotypic	 traits,	 such	 as	 for	 higher	 growth.	 It	 remains	 hypothetical	 though	
whether	 selection	would	 be	 stronger	 under	 limited	 prey	 availability,	which	 is	 suggested	 by	 significant	
differences	in	larval	length	between	CO2	treatments	at	low	food	but	not	at	high	food	levels.	It	was	shown	

















full	 picture	 of	 developmental	 processes	 is	 far	more	 complicated,	 and	 larger	 larvae	may	develop	more	
subtle	 bone	 and	 organ	 damage.	 Increased	 larval	 size	 may	 result	 in	 developmental	 patterns	 that	 can	
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Transcriptome	 profiling	 reveals	 exposure	 to	 predicted	 end-of-century	
ocean	acidification	is	a	stealth	stressor	for	Atlantic	cod	larvae	





















between	 the	 treatment	 groups,	 with	 OA	 treated	 individuals	 displaying	 faster	 growth.	 A	 target	 gene	
analysis	revealed	only	few	genes	of	the	cellular	stress	response	to	be	differentially	expressed.		
In	summary,	our	results	show	no	clear	divergence	in	gene	expression	patterns	in	early	larvae	exposed	to	






Global	 change,	 caused	 by	 diverse	 anthropogenic	 activities,	 is	 the	 defining	 characteristic	 of	 the	
Anthropocene	1	and	has	already	started	to	affect	marine	ecosystems	(reviewed	 in	2).	One	of	the	major	
threats	of	climate	change	(as	part	of	global	change)	is	ocean	acidification	(OA).	It	is	caused	by	the	uptake	
of	 rising	 atmospheric	 CO2	 concentrations	 by	 ocean	waters,	 which	 is	 driven	 by	 fossil	 fuel	 burning	 and	
altered	land	use,	lowering	the	ocean	pH	as	well	as	the	carbonate	saturation	state	3.	These	changes	have	

















in	 experimental	 settings	 with	 non-model	 organisms	 has	 become	 possible.	 This	 allows	 to	 connect	
environment	and	genotype	and	thus,	elucidate	the	molecular	basis	 for	observed	phenotypes	27	 .	There	
are,	so	far,	 few	attempts	on	untangling	the	full	 transcriptomic	response	to	ocean	acidification	stress	 in	
fish.	While	most	studies	are	based	on	candidate	gene	approaches	concentrating	on	acid-base	regulation	
28,29,	 more	 recent	 studies	 have,	 however,	 employed	 whole	 transcriptome	 sequencing	 methods	 (for	 a	
review	see	30)	and	identified	differentially	expressed	(DE)	genes.	In	these	studies	the	focus	was	mainly	on	
the	 cellular	 stress	 response	 31	 and	 neurological	 signalling	 in	 adult	 fish	 32.	 Underlying	 transcriptomic	
mechanisms	of	above	mentioned	effects	during	early	development	remain	unclear,	and	thus,	even	fewer	
studies	have	focused	on	the	gene	expression	changes	to	ocean	acidification	in	eggs	and	larvae	12.		
Ocean	 acidification,	 as	well	 as	 changes	 in	 temperature	 and	 hypoxia	 can	 impact	 the	 function	 of	many	
cellular	processes	and	cause	damages	to	cellular	macromolecules	such	as	DNA	and	proteins.	In	order	to	
avert	damage,	cells	can	react	to	harmful	changes	in	their	cellular	environment	by	means	of	the	cellular	
stress	 response	 (CSR);	 defined	 by	 Kültz	 33.The	 CSR	 is	 manifested	 as	 the	 minimal	 stress	 proteome,	
consisting	of	circa	300	proteins	with	a	core	number	of	highly	conserved	genes	throughout	all	organisms	
34.	 Proteins	 of	 the	 CSR	 are	 involved	 in,	 but	 not	 limited	 to,	 functions	 in	 molecular	 chaperoning,	 DNA	
repair,	 protein	 folding,	 redox	 regulation	 and	 energy	 metabolism.	 Generally,	 cells	 initiate	 a	 CSR	 in	
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response	 to	damaged	macromolecules	by	 increasing	 transcription	of	 the	genes	encoding	 for	 the	stress	
proteome.	This	leads	to	increased	concentration	of	CSR	proteins	while	their	activity	is	further	controlled	
by	post	translational	modifications	34.	Increased	pCO2	levels	are	known	to	induce	differential	expression	
of	genes	of	 the	CSR	 in	 tissues	of	adult	 fish	31	but	again	very	 little	 is	known	about	 the	CSR	 in	 larval	 fish	
under	the	stress	that	is	imposed	by	increased	pCO2.		
This	 study	 employed	 global	 mRNA	 sequencing	 (RNA-Seq)	 to	 assess	 the	 transcriptomic	 response	 of	














The	 early	 two	 larval	 stages,	 5	 (Figure	 1a)	 and	 15	 days-post-hatch	 (dph)	 (Figure	 1b),	 showed	 no	














al.,	 submitted).	 Grey	 boxes	 correspond	 to	 larvae	 from	 the	 high	 pCO2	 (~1179	 μatm)	 treatment,	 black	 boxes	

















were	downregulated	 in	 the	high	pCO2	 treatment	 compared	 to	 the	ambient	 treatment.	A	 similar	 result	
was	found	for	the	13	dph	 larvae,	where	a	total	of	16	genes	was	differentially	expressed	but	unlike	the	
youngest	 larvae,	 7	 genes	 were	 upregulated	 under	 high	 pCO2	 (SI	 Table	 3).	 This	 low	 transcriptomic	
response	at	the	first	two	early	 larval	stages	stood	in	strong	contrast	to	the	response	manifested	 in	the	

















Sum	 Mean	#	 SD	 Mean	#	 SD	 Mean	%	 SD	
Ambient	
pCO2	
6	 8	 5.1*108	 6.4*107	 1.8*105	 6.4*107		 1.8*105	 70.58	 1.00	
High	
pCO2	
6	 8	 5.3*108	 6.6*107	 2.8*105	 6.5*107	 2.8*105	 70.52	 0.96	
Ambient	
pCO2	





13	 8	 5.2*108	 6.5*107	 4.8*105	 6.4*107	 4.7*105	 71.29	 1.35	
Ambient	
pCO2	





36	 8	 5.4*108	 6.7*107	 2.8*105	 6.7*107	 2.7*105	 70.51	 2.92	







This	 pattern	 between	 the	 treatments	 at	 different	 ages	 was	 visualized	 in	 a	 principal	 component	 plot	
(Figure	 3,	 PC1	 =	 50	 %,	 PC2	 =	 7.2	 %).	 All	 three	 age	 groups	 were	 well	 separated	 by	 the	 1st	 and	 2nd	
component	 of	 the	 PCA	 representing	 differences	 in	 gene	 expression	 patterns	 between	 age	 groups	
(ANOSIM	999	permutations,	R	=	0.799,	p	=	0.001).	For	young	 larvae	 (6	and	13	dph),	 replicates	did	not	
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segregate	according	 to	pCO2	 treatment,	 indicating	only	 small	differences	 in	 transcriptomic	 response	 to	
ocean	acidification.	36	dph	replicates	exhibited	a	large	spread	along	both	components	and	were	at	least	
partially	clustered	by	treatment	reflecting	the	large	number	of	DE	genes.	Further,	none	of	our	candidate	










cod	 larvae	 yielded	 two	 significantly	 enriched	 GO	 terms	 (padj.<0.05,	 FDR=BH):	 extracellular	 matrix	
(GO:0031012)	and	mitotic	chromosome	condensation	(GO:0007076).	GO	terms	related	to	the	CSR	such	
as	 “response	 to	 stress”	 GO:0006950	 and	 its	 children	 terms	 including	 “cellular	 response	 to	 stress”	
GO:0033554	 were	 not	 enriched.	 Further,	 no	 GO	 terms	 related	 to	 acid-base	 regulation,	 for	 example	
“proton	 transport”	 GO:	 0015992	 or	 “bicarbonate	 transmembrane	 transporter	 activity”	 GO:0015106,	
were	significantly	enriched.		
None	 of	 the	 genes	 belonging	 to	 the	 cellular	 stress	 response	 (CSR)	 ((34),	 table	 1)were	 differentially	
expressed	 at	 6	or	 13	dph.	Also,	 none	of	 the	pre-defined	 candidate	 genes	 encoding	 important	 enzyme	
components	 of	 acid	 base	 regulation,	 for	 example	 Na+/H+	 exchanger,	 HCO3-	 transporters	 and	 carbonic	
anhydrase	 among	 others	 22,28	 were	 differentially	 expressed	 at	 these	 ages.	 None	 of	 the	 differentially	
expressed	genes	could	be	associated	to	cell	or	protein	damage.	
In	36	dph	cod	larvae,	on	the	other	hand,	a	number	of	genes	belonging	to	10	of	45	CSR	gene	families,	as	
well	 as	 additional	 heat	 shock	 proteins	 and	 genes	 related	 to	 acid-base	 regulation	 were	 differentially	
expressed,	but	at	low	fold	changes.	Heat	shock	protein	70	kDa	(HSP70)	was	present	in	several	variants	in	
the	 reference	 transcriptome,	 one	 of	 which	 was	 upregulated	 by	 a	 fold	 change	 of	 1.68	 (l2FC	 =	 0.75,	
p<0.05).	 In	 addition,	 Serpin,	 also	 known	 as	 heat	 shock	 protein	 47	 kDa	 (HSP47),	 was	 moderately	
upregulated	in	the	high	pCO2	treatment	(l2FC	=	0.72,	p<0.01).	Additionally,	a	number	of	DNA	J	homologs	
(Dnajc9	 and	 Dnajb6-b)	 were	 differentially	 expressed	 (l2FC	 =	 0.53	 and	 0.61,	 p<0.05	 and	 p<0.05,	
respectively).	 Upregulated	 genes	 related	 to	 the	 CSR	 further	 include:	 one	 of	 two	 homologs	 of	 Seratin	
proteases	HTRA3	and	HTRA1A	(l2FC	=	0.63,	p<0.05	and	l2FC=0.49,	p<0.01	respectively),	Long-chain-fatty-
acid	 CoA	 ligase	 6	 ACSL6	 (l2FC	 =	 0.5,	 p<0.05	 ),	 Beta-enolase	 ENO3	 (l2FC	 =	 0.51,	 p<0.05),	 Propyl	
endopeptidase	 Prep	 (l2FC	 =	 0.34,	 p<0.05),	MutS/MSH	protein	 homolog	 4	MSH4	 (l2FC	 =	 0.38,	 p<0.05),	
Aldo-keto	 reductase	 AKR1B10	 (l2FC	 =	 0.23,	 p<0.05),	 Aldehyde	 dehydrogenase	 ALDH1A3	 (l2FC	 =	 0.39,	




CSR	 of	 which	 14	 were	 differentially	 expressed	 (padj	 (FDR=BH)	 ≤	 0.05).	 Genes	 coding	 for	 HSP60	
chaperonin,	 Peroxiredoxin,	 Superoxide	 dismutase,	 Thioredoxin,	 RAD51	 DNA	 repair	 proteins,	 Lon	
protease,	Long-chain-	fatty	acid	ABC	transporters	and	others	were	expressed	in	both	treatments	with	no	
significant	differences.	
Of	 35	 identified	 candidate	 genes	 and	 their	 variants	 directly	 involved	 in	 acid-base	 regulation,	 only	 one	
gene	was	differentially	expressed.	One	of	 three	annotations	encoding	carbonic	anhydrase	4	 (CA4)	was	
downregulated	 in	 the	 high	 pCO2	 treatment	 (l2FC=-0.54,	 p<0.01).	 Further,	 a	 number	 of	 ammonium	
transport	 rhesus	 (Rh)	 proteins,	 involved	 in	 CO2	 transport	 across	 membranes,	 were	 differentially	
expressed.	 One	 Ammonium	 transporter,	 namely	 Rh	 type	 C2	 (rhgc2)	 was	 down	 regulated	 (l2FC=-0.37,	
p<0.05)	while	one	of	two	annotations	of	Ammonium	transporter	Rh	type	B	(rhbg)	was	up	regulated	(l2FC	
=-0.40,	 p<0.05)	 in	 the	 high	 pCO2	 treatment.	 Only	 one	 of	 the	 genes	 directly	 involved	 in	 acid-base	
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regulation,	Pendrin	(SLC26a4),	was	not	identified	in	the	reference	genome.	Of	41	annotations	related	to	
acid-base	 regulation	 only	 one	 (CA4)	 was	 differentially	 expressed	 between	 the	 treatments.	 Of	 the	


































































In	 this	 study	 we	 uncovered	 no	 clear	 divergence	 in	 gene	 expression	 patterns	 in	 Atlantic	 cod	 larvae	
exposed	 to	 increased	 pCO2	 levels,	 which	 are	 in	 strong	 contrast	 to	 the	 observed	 influence	 on	 fitness	
related	measurements,	such	as	growth	and	survival	8,13.	
Only	 very	 few	 genes	 were	 differentially	 expressed	 in	 young	 Atlantic	 cod	 larvae	 (6	 and	 13	 dph)	 in	
response	 to	 simulated	 ocean	 acidification.	 This	 is	 all	 the	more	 surprising	 as	 this	was	 the	 phase	when	
increased	mortality	occurred	in	response	to	increased	pCO2	8.	However,	older	larvae	(36	dph)	showed	a	
much	 larger	 number	 of	 genes	 differently	 expressed	 between	 ambient	 (~503	 µatm)	 and	 high	 (~1179	
µatm)	pCO2	levels.	This	difference	could	be	attributed	to	the	observed	difference	in	growth	13,	and	thus	
the	 potential	 divergence	 in	 development,	 between	 larvae	 from	 the	 respective	 pCO2	 treatments.	
Furthermore,	during	the	early	larval	stages	no	differential	expression	of	candidate	genes	related	to	acid-






Based	 on	 the	 observed	 gene	 expression	 patterns	 at	 6	 and	 13	 dph,	 Atlantic	 cod	 larvae	 appear	 to	 be	
unable	 to	neither	perceive	nor	 to	 react	 to	 the	 increased	pCO2	by	 altering	 gene	 transcription	patterns.	
Given	that	we	assessed	8	biological	replicates	per	treatment	and	age,	our	applied	methodology	should	
have	 reasonable	 statistical	 power	 to	 detect	 subtle	 expression	 differences	 caused	 by	 the	 ocean	
acidification	 treatment.	 Additionally,	 the	 fold	 changes	 of	 the	 few	 identified	 differently	 expressed	 (DE)	
genes	are	modest,	ranging	from	log2	fold	changes	of	-0.51	to	0.54	with	the	single	exception	of	Annexin	
A5	with	a	log2	fold	change	of	0.91	(see	SI	Table.	2	and	3).	
Once	the	 larvae	were	 further	developed	(36	dph),	many	more	differences	 in	gene	expression	between	
the	treatments	were	observed,	namely	1413	DE	genes.	In	addition	to	the	number	of	DE	genes	increasing	
with	age,	the	fold	changes	of	these	genes	also	increased,	with	19	genes	being	up	or	down	regulated	by	a	
factor	of	2	or	more,	 a	much	higher	 fold	 change	 level	 than	at	6	and	13	dph	 (SI	 Table	4).	 The	observed	
changes	 in	 the	 transcriptome	 do	 not	 present	 the	 magnitude	 of	 transcriptomic	 changes	 one	 would	
generally	 expect	 from	 a	 stressor	 that	 has	 caused	 such	 high	 mortality	 8	 and	 physiological	 changes	 13.	





cod	 larvae	 are	 either	 not	 able	 to	 produce	 any	 larger	 transcriptomic	 response	 to	 ocean	 acidification	
during	early	 larval	stages,	or	the	regulation	capacity	 is	only	 limited	to	certain	organs	or	developmental	
stages	 and	 is	 not	 detected	 by	 the	 applied	 sampling	 protocol	 (e.g.	 dilution	 effect	 through	whole	 body	
homogenate)	 and	 life	 stages	 chosen	 for	 analysis.	 The	 presence	 of	 phenotypic	 responses	 with	 no	




these	 analyses	 lack	 the	 high	 sensitivity/resolution	 of	 RNA-Seq	 studies.	 The	 proteome	 for	 acid	 base	
regulation	in	all	organs	of	juvenile	halibut	has	already	been	developed	and	varies	only	in	2	to	6	proteins	
between	 different	 tissues	 and	 CO2	 treatments	 41.	 Similarly,	 the	 proteome	 of	 whole	 herring	 larvae	 42	
uncovered	only	a	 few	proteins	 that	were	present	at	different	 concentrations	with	 low	 fold	 changes	 in	
response	to	high	CO2	levels.		
The	 lack	of	DE	genes	related	to	the	cellular	stress	 response	 in	6	and	13	dph	 larvae	suggests	 that,	on	a	
whole	organism	scale,	the	predicted	end-of-century	pCO2	level	does	not	trigger	an	initiation	of	the	CSR	in	
very	 early	 larval	 stages	 of	 Atlantic	 cod.	 The	 observed	 differential	 expression	 of	 CSR	 genes	 in	 36	 dph	
larvae	 would	 suggest	 that	 at	 this	 stage	 predicted	 ocean	 acidification	 does	 exert	 a	 sufficiently	 strong	




one	 of	 the	 best	 characterized	 candidate	 gene	 in	 stress	 response	 to	 environmental	 change,	 had	 a	 fold	
change	of	only	1.68.	This	value	(Figure	4	and	SI	Table	5)	is	much	lower	than	in	other	fish	studies	assessing	
the	effects	of	long	term	imposed	stressors	such	as	salinity,	oxygen	and	temperature,	where	fold	changes	









investigating	 the	expression	patterns	of	HSP70	 in	whole	 fry	 (8	days	post	 fertilization)	of	big	head	carp	
(Hypophthalmichthys	 nobilis)	 and	 silver	 carp	 (H.	 molitrix)	 in	 response	 to	 extreme	 pCO2	 levels	 (43000	
µtam)	 in	 freshwater,	 only	 larvae	 from	 the	 latter	 species	 showed	 an	 upregulation	 in	 HSP70	 36.	
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presents	a	 similar	pattern	 to	 the	 results	of	 this	 study,	 indicating	 that	only	 later	 larval	 stages	present	a	
measurable	stress	response	to	increased	pCO2	when	analysing	whole	body	homogenates.		
None	of	the	candidate	genes	linked	to	acid	base	regulation	was	differentially	expressed	in	the	6	and	13	
dph	 larvae.	The	use	of	whole	 larvae	 tissue	homogenates	 instead	of	gill	 tissues	could	be	questioned	as	
suboptimal	when	addressing	expression	patterns	 in	 ion	and	acid-base	 regulation	and	causing	potential	
signals	 to	 be	 lost	 in	 dilution,	 e.g.	 the	 response	might	 be	 limited	 to	 an	 organ	 or	 to	 part	 of	 it	 and	 not	
detectable	when	addressing	a	whole-body	 transcriptome.	The	applied	approach,	however,	allowed	 for	
an	assessment	of	the	full	transcriptome	profile	at	the	individual	level	vs.	using	a	single	tissue.	This	would	
be	 less	 informative	 and	 thus	 give	 us	 information	 on	 how	 that	 specific	 tissue	 is	 responding	 to	 the	
treatment,	and	not	the	whole	organism.	The	skin,	solely	responsible	for	acid-base	regulation	prior	to	gill	
formation,	is	impossible	to	separate	from	other	tissues	for	single	tissue	transcriptome	profiling	in	these	
early	 larval	 stages.	 No	 differences	 in	 the	 number	 of	 Na+/K+	 ATPase	 rich	 ionocyts	 (chloride	 cells)were	




regulation.	 Namely	 Carbonic	 anhydrase	 (CA),	 a	 zinc	 metalloenyzme,	 which	 catalyses	 the	 reaction	






(namely	 CA2	 and	 CA15)	 in	 embryos	 of	 medaka	 under	 increased	 pCO2.	 But	 no	 such	 differences	 were	








while	 Rhcg2,	 a	 close	 relative,	 was	 downregulated	 in	 36	 dph	 cod	 larvae.	 Further	 medaka	 hatchlings	
reacted	 to	 increased	pCO2	 by	 upregulation	 of	 Rhcg.	 On	 the	 other	 hand,	 an	 upregulation	 of	 Rhag	was	
observed	in	the	same	experiment	12,	while	the	same	gene	was	not	differentially	expressed	in	the	present	
study.	Additionally,	the	changes	of	Rhbg	in	this	study	were	not	identified	in	medaka	hatchlings	but	only	
in	 their	 embryos,	 in	 which	 it	 was	 downregulated	 12.	 These	 differences	 in	 transcriptomic	 response	 to	
	 49	
ocean	acidification	between	species	and	their	different	 life	stages	 (reviewed	 in	22)	could	be	part	of	 the	
explanation	why	species	responded	in	physiologically	different	ways	to	increased	pCO2.	
Interestingly,	 insulin	 induced	 gene	 1	 protein	 (Insig	 1),	 a	 gene	 that	 has	 been	 associated	 with	 hepatic	
steatosis	 in	 zebrafish	 50,51,	 showed	 one	 of	 the	 largest	 fold	 change	 among	 the	DE	 genes	 in	 the	 36	 dph	
larvae	(Table	4).	Hepatic	steatosis	or	fatty	liver	syndrome,	characterized	by	the	accumulation	of	lipids	in	
vacuoles	in	liver	cells,	could	be	connected	to	the	observed	tissue	damages	in	the	liver	of	these	cod	larvae	
under	 simulated	 ocean	 acidification	 to	 the	molecular	 phenotype	 13,19.	 The	 upregulated	 gene	 col27a1b	
Collagen	alpha-1(XXVII)	chain	B	 in	13	dph	 larvae	(SI	Table	3)	 is	associated	with	calcification	of	cartilage	






larvae	almost	 lack	an	overlap	between	 the	different	pCO2	 levels,	 as	 clearly	 visible	 in	 figure	1.	Possibly,	
larvae	 from	ambient	 treatments	are	 still	 in	 the	earlier	 isometric	 growth	phase	at	36	dph,	while	 larvae	
from	 the	 high	 pCO2	 treatments	 have	 entered	 the	 later	 allometric	 growth	 phase	 and	 undergone	 the	
related	shifts	in	metabolic	scaling	53.	Additional	support	was	provided	by	a	group	of	DE	genes	of	relative	




be	 assumed	 to	 follow	 similar	 patterns	 in	 other	 teleosts.	 However,	 it	 is	 unclear	 whether	 the	
developmental	changes	are	caused	by	direct	effects	of	OA	on	growth	and	ossification	or	if	the	observed	
differences	 are	 due	 to	 the	 strong	 mortality	 in	 the	 early	 ages	 potentially	 selecting	 for	 fast	 growth	 or	
combination	 of	 both	 with	 related	 trade-offs	 13.	 Furthermore,	 developing	 larvae	might	 not	 be	 able	 to	
react	at	all	to	abiotic	stressors	such	as	pCO2	as	they	are	in	a	constant	state	of	change.	For	example,	with	
newly	 forming	 organs,	 they	 have	 no	 excess	 resources	 for	 a	 stress	 response	 leading	 to	 high	mortality	
rates,	 with	 only	 well	 provisioned	 larvae	 being	 able	 to	 mobilize	 a	 response	 to	 survive	 critical	
developmental	stages.		
In	conclusion,	gene	expression	patterns	 in	combination	with	the	high	mortality	8	and	histological	tissue	




is	 further	 supported	by	 the	 lack	of	 transcriptomic	 signs	of	protein	damage.	Possibly,	 larvae	 that	 fail	 to	











Adult	cod	were	caught	 in	 the	Barents	Sea	 (70°15’N,	19°00’E)	 in	March	of	2014	and	 transported	 to	 the	
National	 Centre	 for	 Aquaculture,	 Kvaløya,	 Norway,	 where	 they	 were	 transferred	 into	 25m2	 spawning	
tanks	equipped	with	 a	 flow	 through	of	 sea	water	 from	 the	 fjord	of	 ambient	 temperature	and	 salinity.	
Photoperiod	was	matched	to	local	sunrise	and	sunset	to	induce	spawning;	oxygen	saturation,	pH,	salinity	
and	water	 temperatures	were	monitored	daily.	Once	the	 fish	started	to	spawn,	all	 floating	eggs	 in	 the	
spawning	 tank	were	 collected	using	a	mesh	bag	behind	 the	 surface	 skimmer.	 The	volume	of	 collected	
eggs	was	divided	into	two	equal	portions	and	moved	into	28	L	flow-through	incubators.	Half	of	the	egg	




regime	 for	 commercial	 fry	 production	 (termed	 low	 food	 treatment	 in	 8,13),	 starting	 with	 green	 water	
addition	(Nannochloropsis)	followed	by	enriched	Brachionus	and	later	Artemia	nauplii	(See	“Low	food”	in	
13	Table	1).	The	water	 temperature	 for	 the	 rearing	 tanks	was	 initially	kept	at	6°C	but	was	 increased	 to	
10°C	after	day	6,	while	the	photoperiod	was	kept	constant	throughout	the	experiment	(24	h	 light).	For	
larval	weight	analysis,	12	larvae	from	each	replicate	were	sampled	at	day	5,	15	and	36	days-post-hatch	
(dph),	 euthanized	 using	MS-222	 (Tricaine	methanesulfonate)	 and	 frozen	 in	 treatment	 water	 at	 -20°C.	
Single	 larvae	 for	 transcriptome	 analysis	 were	 sampled	 randomly	 from	 all	 tanks	 at	 6,	 13	 and	 36	 dph,	
immediately	 euthanized	 using	 MS-222	 and	 submersed	 in	 RNA-later®,	 placed	 at	 8°C	 for	 24	 h	 and	
subsequently	stored	in	–78	°C	until	RNA	isolation.		
The	 pCO2	 concentrations	 in	 both	 treatments	 were	 continuously	 monitored	 using	 pH	 sensors	 in	 the	
incubators,	 spawning	 and	 rearing	 tanks	 connected	 to	 a	 computer	 system	 (Aquastar,	 IKS	 Computer	
systems,	 Karlsbad,	 Germany).	 Increased	 pCO2	 concentrations	 in	 the	 water	 for	 the	 end-of-century	
treatment	were	achieved	by	aerating	the	header	tanks	with	CO2,	which	ensured	equal	and	constant	pCO2	
concentrations	 in	all	 replicates	of	both	ambient	and	high	pCO2	 treatments.	The	absorption	of	CO2	 into	
the	 header	 tanks	was	 regulated	 by	 a	magnetic	 valve	 that	 controlled	 the	 aeration	with	 CO2	 by	 the	 IKS	
system	 through	 pH-sensors	 in	 the	 outflow	 of	 the	 header	 tank.	 Further,	 temperature,	 salinity	 and	 pH	
were	measured	daily	with	a	hand	held	multi	probe	 (WTW	pH/Cond	340i/3320).	Additionally,	 the	pCO2	
levels	 in	 the	 tanks	 and	 incubators	 were	 checked	 weekly	 from	 calculated	 pCO2	 using	 total	 dissolved	







This	 study	 was	 carried	 out	 at	 NOFIMA’s	 Centre	 for	 Marine	 Aquaculture,	 Kvaløya,	 Norway	 applying	
methods	 and	 protocols	 approved	 by	 the	 National	 Regulatory	 Committee	 on	 the	 Ethics	 of	 Animal	













time	points,	 instead	of	the	often-used	gill	tissue,	as	organ	development	 is	constantly	changing	 in	these	
life	 stages	 and	 gills	 are	 not	 developed	 at	 hatch.	 Larvae	 preserved	 in	 RNALater®	 were	 thawed	 on	 ice,	
dapped	 dry	 on	 paper	 tissue	 and	 wet	 weight	measured	 to	 the	 closest	 0.001	mg.	 RNA	 from	 individual	
larvae	 was	 isolated	 using	 the	 RNeasy	 Kit	 (Qiagen,	 Hilden,	 Germany)	 with	 a	 modified	 protocol	
implementing	 on-column	 DNase	 digestion	 steps	 (RNase-Free	 DNase	 Set,	 Qiagen,	 Hilden,	 Germany).	






additional	 washing	 steps	 were	 performed	 as	 per	 manufacturer	 specification	 before	 the	 column	 was	
centrifuged	for	2	min	at	maximal	speed	to	remove	all	remains	of	the	wash	buffers	and	to	be	dried.	The	
RNA	was	eluted	from	the	column	using	50	µl	of	RNase	and	DNase	free	water	for	1	min	at	8000xg.	Purity	
of	 the	 RNA	 extract	 was	 assessed	 by	 spectrophotometry	 (ND-1000,	 ThermoFisher	 Scientific,	Waltham,	
MA,	 United	 States),	 quantified	 with	 a	 broad	 range	 RNA	 test	 on	 a	 fluorimeter	 (Qubit2,	 ThermoFisher	
Scientific,	Waltham,	MA,	United	States)	and	the	RNA	integrity	was	evaluated	with	a	Eukaryote	Total	RNA	
StdSens	chip	using	an	Experion	automated	electrophoresis	system	(Bio-Rad,	Hercules,	CA,	United	States).	










in	 5	 samples,	 which	 were	 then	 re-sequenced	 on	 an	 additional	 lane	 to	 supplement	 the	 previously	
sequenced	data	to	satisfactory	levels.	
Bioinformatics	and	statistical	data	analysis	
The	 sequencing	 adaptors	were	 removed	 using	 Trimmomatic	 Version	 0.36	 60.	 Of	 the	 resulting	 data,	 all	
unpaired	reads	were	discarded	and	only	paired	reads	were	used	for	further	analysis.	The	quality	of	the	
remaining	 reads	 was	 assessed	 with	 FastQC	 61	 and	 MultiQC	 62.	 All	 paired	 reads	 were	 compared	 to	 a	
transcriptome	created	 ,	using	getfasta	of	bedtools	 63	based	on	 the	most	 recent	published	cod	genome	
and	its	annotations	64,	using	Kallisto	65.	Transcript	abundance	data	generated	by	Kallisto	were	imported	
into	 R	 studio	 57,58	 using	 the	 tximport	 package	 66.	 The	 differential	 gene	 expression	 (DE)	 analysis	 was	
performed	using	DESeq2	 67	 using	 default	 settings	 and	 a	 FDR	 (false	 recovery	 rate)	 correction	using	 the	
Benjamini-Hochberg	(BH)	method	68.	
A	gene	ontology	(GO)	enrichment	analysis	was	performed	using	GOseq	69	for	all	genes	that	were	found	to	
be	 significantly	 up	 or	 down	 regulated	 in	 the	 DE	 analysis	 at	 36dph.	 Further,	 candidate	 genes	 were	
extracted	from	the	existing	 literature,	 focusing	on	genes	related	to	acid-base	regulation	22,28	and	genes	
related	 to	 the	minimal	 stress	 response	 34.	 All	 data	 visualizations	were	 created	 using	 the	 ggplot2	 70	 or	
DESeq2	67	packages	in	R	57.	
Read	counts	assigned	to	the	reference	were	transformed	using	the	regularized	logarithm	(rlog)	67	to	be	
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Husbandry	 effects	 in	 experiments	 addressing	 ocean	 acidification:	
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Simulated	 levels	 of	 ocean	 acidification	 have	 been	 shown	 to	 negatively	 impact	 the	 early	 life	 stages	 of	
several	fish	species,	Atlantic	cod	amongst	them.	The	presented	study	aims	towards	assessing	the	effects	





effects	 of	 long-term	husbandry	 of	 the	 parental	 generation	 and	 comparing	 it	 to	 previous	 experiments,	
showing	a	negative	impact	of	increased	pCO2on	larval	fitness,	a	potential	mediatory	factor	“the	condition	
of	the	parental	fish”	could	be	identified.	








et	al.,	2009).	This	 change,	known	as	ocean	acidification	 (OA),	has	been	shown	 to	 impact	many	marine	
organisms	and	may	be	a	major	 threat	 to	global	biodiversity	 (Brierley	&	Kingsford,	2009;	Kroeker	et	al.,	
2013;	Wittmann	&	Pörtner,	2013).		
While	 the	predicted	 increase	 in	ocean	pCO2	until	 the	end	of	 the	 century	 (IPCC,	 2013)	may	have	many	
detrimental	effects,	particular	on	calcifying	organisms	(Orr	et	al.,	2005),	fishes	have	long	been	considered	




and	 development	 patterns	 (Tseng	 et	 al.,	 2013),	 as	well	 as	 changed	 otolith	 (Maneja	 et	 al.,	 2013a)	 and	
bone	 development	 (Pimentel	 et	 al.,	 2014,	 Stiansy	 et	 al.,	 submitted	 a)	 and	 organ	 damages	 (Frommel,	
Maneja,	et	al.,	2012,	Chambers	et	al.	2014,	Stiasny	et	al.,	submitted	a,	submitted	b).	Although	the	lack	of	
functional	 gills	 in	 the	 early	 life	 stages	 is	 similar	 in	 most	 examined	 species,	 these	 results	 are	 neither	
universally	 applicable	 to	 the	 early	 life	 stages	 of	 all	 marine	 fish	 species,	 nor	 are	 all	 investigated	 traits	
affected	for	that	matter.	Some	studies	did	not	find	any	or	only	limited	effects	of	increased	pCO2	on	eggs	
and	larvae	(Franke	&	Clemmesen,	2011;	Munday	et	al.,	2011;	Frommel	et	al.,	2013;	Hurst	et	al.,	2013).	
Thus,	while	 the	underlying	physiological	 responses	and	pathways	of	adult	 fish	 responding	 to	 increased	
pCO2	 are	 rather	 well	 understood	 (reviewed	 in	 Heuer	 &	 Grosell,	 2014),	 only	 limited	 information	 is	
available	for	early	life	stages	(Melzner	et	al.,	2009).		
Atlantic	Cod	(Gadus	morhua)	 is	one	of	the	economically	and	ecologically	most	important	species	in	the	
Northern	 Atlantic	 and	 adjacent	 seas.	 With	 the	 exception	 of	 behavioral	 traits	 of	 larvae	 of	 Norwegian	
coastal	 cod	 (Maneja	 et	 al.,	 2013b)	 and	 eggs	 and	 newly	 hatched	 larvae	 of	 the	 Eastern	 Baltic	 Sea	 cod	
(Frommel	et	al.,	2013),	 its	early	 life	stages	have	been	shown	to	be	generally	negatively	 impacted	by	to	
predicted	 changes	 in	 carbonate	 chemistry	 (Frommel	 et	 al.,	 2012;	Maneja	 et	 al.,	 2013a;	 Stiasny	 et	 al.,	
2016;	Dahlke	et	al.,	2017).	It	has	been	hypothesized	that	this	tolerance	could	be	an	adaptation	to	the	low	
oxygen	 concentrations	 and	 already	 high	 CO2	 concentrations	 often	 encountered	 in	 that	 part	 of	 the	
Eastern	 Baltic	 Sea	 (Frommel	 et	 al.,	 2013).	 Eggs	 and	 larvae	 of	 Northeastern	 Arctic	 (NEAC),	 Norwegian	
coastal	(NCC)	and	western	Baltic	Sea	cod	have	been	shown	to	be	highly	susceptible	to	direct	exposure	to	
predicted	 end-of-the	 century	 pCO2	 in	 numerous	 traits.	 Observations	 range	 from	 decreased	 hatching	
success	 (Dahlke	 et	 al.,	 2017),	 increased	 larval	 mortality	 (Stiasny	 et	 al.,	 2016),	 changed	 growth	 and	
developmental	 patterns	 	 as	 well	 as	 altered	 biochemical	 traits,	 lipid	 content,	 bone	 ossification,	 gill	
development	 and	 tissue	 damages	 (Stiasny	 et	 al.,	 submitted	 a;	 Frommel	 et	 al.,	 2012)	 and	 otolith	






acidification.	Miller	et	 al	 (2012)	and	Allan	et	al	 (2014)	 report	on	mediation	of	 altered	metabolism	and	
behaviour,	 respectively,	 caused	 by	 increased	pCO2	 in	 the	 coral	 reef	 fish	Amphiprion	melanopus	 if	 the	
parental	 generation	had	already	been	exposed	 to	 the	 stressor.	Welch	et	 al	 (2014)	on	 the	other	hand,	
could	 not	 find	 any	 mediation	 of	 changed	 behaviour	 after	 transgenerational	 acclimation	 in	
Acanthochromis	 polyacanthus.	 So	 far,	 the	 only	 studies	 addressing	 this	matter	 in	 temperate	 fish,	were	
conducted	on	stickleback	(Gasterosteus	aculeatus)	(Schade	et	al.,	2014)	and	Atlantic	Cod	(Stiasny	et	al.,	
submitted	b).	 In	both	cases,	the	parental	acclimation	seems	to	aggravate	the	effects	of	 increased	pCO2	





between	 short	 and	 long-term	 exposure	 studies	 and	 in	 turn	 lead	 to	 very	 different	 assessments	 and	
predictions	of	a	species	capability	to	exist	in	the	future	(Miller	et	al.,	2012;	Salinas	&	Munch,	2012).	
The	 present	 study	 attempts	 to	 assess	 the	 effects	 of	 long	 term	 parental	 acclimation	 (28	 weeks)	 to	
ambient	 (~	 420	 µatm)	 and	 predicted	 pCO2	 (~	 1090	 µatm)	 on	 the	 offspring	 fitness	 in	 ambient	 and	
predicted	 end-of-century	 pCO2	 levels	 in	 NEAC,	 investigating	 mortality,	 growth,	 metabolic	 rate,	
biochemical	 condition	 (RNA/DNA),	 lipid	 content,	 bone	 ossification,	 gill	 development	 and	 gene	
expression.	While	a	previous	study	assessed	short	term	acclimation	(six	weeks)	on	an	aquaculture	stock	











in	 the	holding	 tank.	No	CO2	was	 added	 to	 the	header	 tank	of	 the	 control	 treatment.	All	 header	 tanks	
were	supplied	with	filtered	sea	water	from	the	adjacent	fjord.	Water	temperature,	salinity	and	light-dark	
cycle	were	 kept	 at	 ambient	 fjord	 levels	 and	were	 adjusted	weekly,	 to	 allow	 for	 natural	maturation	 of	
gonads	and	to	 induce	spawning.	Oxygen,	temperature	and	pH	were	monitored	continuously	by	the	IKS	






of	 the	spawning	tanks	or	 through	strip	spawning	of	eggs	and	sperm	and	 in	vitro	 fertilization.	Fertilized	
eggs	 produced	 with	 both	 methods	 were	 divided	 equally	 between	 two	 treatments	 and	 moved	 into	
incubators	 (20	 liter)	 supplied	 with	 either	 ambient	 or	 high	 pCO2	 water	 at	 ambient	 fjord	 temperature	
(4.93°C)	 and	 salinity	 (33.7	 psu),	 resulting	 in	 four	 different	 treatment	 combinations:	 Parents	 ambient	 –	
eggs/larvae	ambient	(AA),	Parents	ambient	–	eggs/larvae	high	CO2	(AC),	parents	high	pCO2-	eggs/larvae	
ambient	 (CA)	 and	 Parents	 high	 pCO2-	 eggs/larvae	 high	 pCO2	 (CC).	Main	 hatch	 occurred	 after	 22	 days	
corresponding	 to	 105	 degree	 days.	 On	 the	 next	 day	 (0dph)	 9500	 larvae	 from	 the	 corresponding	
treatment	 were	 transferred	 into	 each	 of	 the	 seven	 190	 L	 rearing	 tanks	 (total	 28	 tanks).	 As	 for	 the	












carbon)	 and	AT	 (total	 alkalinity)	 (Dickson	 2007).	 CT	was	 determined	by	 gas	 extraction	 and	 coloumetric	




of	Oceanography,	USA)	was	 used	 to	 ensure	 the	 accuracy	 of	measurements,	 both	 CT	 and	AT	were	well	
within	acceptable	limits	(±1	μmol	kg−1	and	±2	μmol	kg−1,	respectively.	CT,	AT,	salinity	and	temperature	were	
used	to	calculate	all	other	carbonate	system	parameters	using	a	CO2-chemical	speciation	model	(CO2SYS	
program(Pierrot	 et	 al.,	 2006)).	 For	 more	 detailed	 information	 on	 carbonate	 chemistry	 analysis	
methodology	please	consult	the	Supplementary	information	of	Stiasny	et	al.(2016)	
Condition	of	parental	fish	and	egg	sizes	
To	assess	the	 long-term	effects	of	exposure	of	adult	cod	to	high	pCO2	 in	comparison	to	ambient	 levels	
several	 condition	measurements	 from	each	 sex	 and	 treatment	were	 taken	 at	 three	 time	points	 (early	
December,	 early	 February	 and	 mid-March)	 during	 the	 incubation	 phase	 as	 well	 as	 at	 the	 end	 of	 the	
experiment	 (after	 30	weeks	 of	 parental	 exposure).	 For	 the	 intermediate	 and	 final	 sampling,	 fish	were	
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caught	 with	 a	 landing	 net	 and	 were	 euthanatized	 by	 using	 MS222	 overdose	 (200mg/L)	 (Tricaine	







Mortality	was	estimated	at	16	dph	as	described	 in	Stiasny	et	al	 (2016	and	submitted	b).	 In	short,	after	




outflow	was	damaged.	 This	potentially	 allowed	 for	 larvae	being	 lost.	 This	 tank	was	excluded	 from	 the	
mortality	analysis.		
For	 growth	measurement	10-13	 larvae	 from	each	 tank	at	0,	 13	and	34	dph	were	 sampled	at	 random,	
euthanized	using	MS-222	(Tricaine	methanesulfonate)	and	immediately	frozen	in	treatment	water	at	-80	
°C	until	further	analysis.	For	measurement,	the	larvae	were	thawed	on	ice,	rinsed	in	distilled	water	and	
placed	 on	 a	 scaled	 slide	 before	 being	 photographed	 under	 a	 stereomicroscope.	 After	 being	
photographed	larvae	from	13	and	34	dph	were	placed	in	individual	vials	and	freeze	dried	(Christ	Alpha	1-










tank	 and	 sealed	 with	 Teflon	 caps.	 After	 a	 resting	 period	 of	 ca.	 30	 min	 to	 acclimate	 the	 larvae,	 O2	
concentrations	 were	 measured	 at	 0,	 2.5,	 and	 5	 h	 using	 an	 optode	 O2	 system	 (Fibox	 3,	 PreSens,	
Regensburg,	Germany).	For	the	controls,	five	vials	were	filled	with	water	from	the	corresponding	tanks.	
Oxygen	consumption	rate	(nmol	O2	ind-1	d-1)	was	calculated	by	subtracting	the	average	O2	depletion	rate	
in	 the	 controls	 from	 the	 O2	 depletion	 rate	 in	 each	 of	 the	 larva	 containing	 vials	 (nmol	 O2	 L-1	 h-1)	 and	
multiplying	by	vial	volume	(L)	and	24	h	d-1.	Prior	testing	of	the	optode	system	at	5	°C	showed	a	3	min,	95	
%	 reaction	 time,	 i.e.	 the	 period	 of	 time	 taken	 before	 the	 output	 reached	 within	 5	 %	 of	 the	 final	 O2	
concentration	 value	 (as	 estimated	 by	 exponential	 regression).	 Therefore,	 at	 every	 sampling	 event,	 O2	
concentration	was	 read	 for	3	min.,	and	an	average	of	values	 read	during	 the	 last	minute	was	used	 for	
	 67	
calculations.	 ṀO2	 (nmol	 O2	 µgdw-1	 d-1)	 were	 calculated	 by	 dividing	 by	 dry	 weight	 (µg)	 (dry	 weight	
measurements	were	obtained	by	the	same	method	as	described	for	the	growth	data).	
To	assess	the	biochemical	condition	of	the	larvae,	the	RNA/DNA	ratios	were	measured	from	a	subsample	
of	 three	 larvae	 per	 replicate	 tank	 using	 larvae	 which	 had	 already	 been	 freeze	 dried	 for	 the	 growth	
measurements.	 They	 were	 then	 analyzed	 using	 the	 fluorometric	 method	 by	 Malzahn	 et	 al.(2003).	
Depending	 on	 the	 individual	 larval	 weight,	 each	 larva	 was	 homogenized	 in	 200,	 400	 or	 800	 µl	 of	
sodiumdodecyl	sulfate	Tris	buffer	 (TE	SDS	0.01%).	Fluorescence	measurements	were	obtained	by	using	
ethidium	bromide.	After	total	fluorescence	was	measured,	RNAse	was	used	to	digest	all	RNA	before	the	
remaining	 fluorescence	 of	 the	DNA	was	measured,	 allowing	 for	 RNA	 fluorescence	 to	 be	 estimated	 by	
subtracting	 the	DNA	 from	 the	 total	 fluorescence.	 By	 using	 a	 23S	 r-RNA	 standard	 (16S,	 23S	 ribosomal	














(c&s)	 in	an	acid-free	c&s	method,	 following	a	modified	protocol	of	Walker	&	Kimmel	 (2007).	As	a	 first	




in	very	young	 larvae.	After	24	hours	 the	specimens	were	washed	 in	a	70%	ethanol	solution	to	remove	
excessive	 staining	 and	 then	 transferred	 for	 24	 hours	 into	 a	 0,5%	 KOH	 solution	 containing	 alizarin	 red	
powder	 and	 four	droplets	 of	 a	 3%	H2O2	 solution.	 In	 order	 to	obtain	 good	 staining	 results	 the	 solution	
should	 have	 a	 dark	 purple	 coloration.	 The	 KOH/alizarin	 red	 powder/H2O2	 solution	 was	 used	 to	 clear	
tissues,	to	stain	calcified	structures	and	to	bleache	melanophores.	For	dissection,	digital	documentation	
and	storage,	 the	specimens	were	 transferred	 into	a	70%	glycerin	solution.	All	 specimens	were	digitally	
photographed	with	an	Axiocam	microscope	camera	attached	to	a	ZEISS	Discovery	V20	stereomicroscope	










from	 ambient	 pCO2	 incubated	 parents	 (AA	 and	 AC)	 (1	 per	 tank	 plus	 one	 randomly	 assigned)	 were	
analyzed	 as	 described	 in	Mittermayer	 et	 al.	 (submitted).	 Briefly,	 total	 RNA	was	 extracted	 from	whole	




total	 RNA	 input).	 The	 samples	 were	 run	 together	 with	 samples	 from	Mittermayer	 et	 al.	 (submitted)	




Data	 for	 comparison	 of	 larval	 survival	 in	 the	 ambient	 pCO2	 treatments	 between	 the	 different	
experiments	and	studies	were	obtained	from	deposited	data	to	the	publication	(Stiasny	et	al.,	2016)	and	
from	the	authors	(Stiasny	et	al.,	submitted	b).		












fish	 caught	 in	 the	 Barents	 Sea	 fish	 for	 the	 experiment	 presented	 in	 Stiasny	 et	 al.	 (2016,	 sub)	 and	
Mittermayer	 et	 al	 (sub)	were	 extracted	 using	Qiagen	DNeasy	 Single	 Prep	 Columns	 (Hilden,	Germany).	
Purity	 and	 DNA	 quantity	 were	 estimated	 by	 measurement	 in	 a	 spectrophotometer	 (Nanodrop	 1000,	
Thermo	Fisher	Scientific	 Inc.).	Eurofins	Genomics	GmbH,	Ebersberg,	Germany	performed	a	KASP	assays	
with	the	above	mentioned	48	SNPs	(on	Fluidigm	BIOMARK,	Fluidigm	Corp,	San	Francisco,	United	States)	






Thomas	 de	 Lange	 Wenneck(thomas.de.lange.wenneck@hi.no))	 and	 the	 "Skreitokt"	 (Trawl	 acoustic	
survey	of	NEA	cod,	Knut	Korsbekke(knutk@hi.no))	communicated	by	Knut	Korsbekke.	
Data	analysis	
All	 statistical	 data	 analyses	 were	 performed	 in	 R	 (3.3.2)(R	 Core	 Team,	 2014)	 using	 R-studio	 (	 Rstudio	
Team,	2016)	and	all	 figures	were	created	using	 the	ggplot2	package	 (Wickham,	2009)	 if	not	otherwise	



















The	 differential	 gene	 expression	 analysis	 was	 performed	 in	 R	 with	 tximport	 package	 (Soneson	 et	 al.,	
2015)	and	DESeq2	 (Love	et	al.,	2014)	using	default	 settings	and	a	FDR	correction	using	 the	Benjamini-
Hochberg	 (BH)	method	 (Benjamini	&	Hochberg,	 1995)	 .	 For	more	details,	 please	 refer	 to	Material	 and	
Methods	in	Mittermayer	et	al.	(submitted)	











The	mean	pCO2	 values	 and	 standard	 deviation	 for	 the	 ambient	 and	 the	 high	pCO2	 (predicted	 end-of-




After	 28	weeks	of	 treatment	 in	 ambient	or	high	pCO2	 the	 adult	 cod	 showed	no	differences	 in	weight,	
hepatosomatic	 index	 (HSI)	 and	 gonadosomatic	 index	 (GSI)	 neither	 between	 sexes	 nor	 in	 the	 two	











There	were	no	significant	differences	between	the	parental	or	 larval	 treatment	or	 in	the	 interaction	of	
both	for	SL	and	DW	at	34	and	DW	at	13	dph	(figure	1b	and	1c)	(SI	table	5,	SI	figure	2c).	But	SL	at	13	dph	
was	 significantly	 different	 depending	 of	 larval	 treatment	 (DF=1,	 F=6.6863,	 p≤0.05)	 (and	 interaction	









significant	 effect	 on	 larval	 respiration	 (DF=1,	 F=10.327,	 p≤0.05),	 while	 larval	 treatment	 itself,	 the	




The	 same	 was	 observed	 for	 the	 number	 of	 fully	 ossified	 vertebrae	 (SI	 figure	 4,	 SI	 table	 8)	 and	 the	
normalized	length	(to	NL)	of	ossified	gill	arch,	gill	filament	length	and	gill	filament	area	(SI	figure	5a-c,	SI	
table	9).		
To	 compare	 the	 direct	 effect	 of	 increased	 pCO2	 on	 larvae,	 8	 larval	 samples	 each	 from	 AA	 and	 AC	





















































the	experiment	described	by	Stiasny	et	al.	 (2016	and	 submitted	a)	and	Mittermayer	et	al.	 (submitted)	
(from	here	2014	experiment).	One	of	these	samples	did	not	amplify	and	was	excluded	from	the	analysis;	
further	2	SNP	assays	did	not	yield	any	genotypes.	When	comparing	 the	 two	groups	of	 fish	used	 in	 the	




















































































Figure	 3:	 Principal	 component	 analysis	 of	 48	 SNP	markers	 to	 assign	 parental	 fish	 from	 the	 present	 and	 2014	
Experiment	to	reference	population	of	Northeast	Arctic	Cod	(NEAC)	and	Norwegian	Coastal	Cod	(NCC)	
	
The	acclimation	over	 five	months	resulted	 in	 increased	HSI	by	the	time	of	spawning	 (mid	March	2015)	



































experiment	 and	 b)	 Hepatosomatic	 index	 (HSI)	 of	 parental	 fish	 at	 spawning	 after	 150	 days	 of	 acclimation	 to	




The	 lack	 of	 a	 response	 observed	 in	 the	 examined	 larval	 fitness	 traits	 to	 the	 direct	 exposure	 (larval	
treatment)	 (Figure	 1,	 SI	 figure	 1,	 2,3,4	 and	 5)	 to	 increased	 pCO2	 did	 not	 allow	 for	 assessment	 of	 the	
effects	 of	 parental	 acclimation	 to	 the	 stressor.	 This	 general	 lack	 of	 response	 to	 the	 larval	 treatment	
stands	in	contrast	to	several	previous	studies,	examining	the	effects	of	simulated	ocean	acidification	on	
early	 life	 stages	 of	 cod	 (Frommel,	Maneja,	 et	 al.,	 2012;	Mittermayer	 et	 al.,	 submitted;	 Stiasny	 et	 al.,	
2016;submitted	 a;	 submitted	 b).	 Further,	 the	 higher-than-expected	 survival	 in	 control	 (ambient)	
treatments	 of	 the	 present	 study	 provides	 an	 additional	 indicator	 that	 these	 results	 vary	 from	 earlier	
studies	,	including	those	performed	in	the	same	facility(figure	2)	(Stiasny	et	al.,	2016).	Interestingly,	the	
overall	 survival	 in	 the	entire	 facility	was	 very	high	during	 the	 time	when	 the	 	present	 study	 (NOFIMA,	
2015).	 This	 was,	 in	 the	 case	 of	 the	 aquaculture	 stock	 produced	 for	 commercial	 use,	 attributed	 to	
continuous	brood	stock	improvement	as	none	of	the	larval	rearing	protocols	were	altered	compared	to	























explanation	 is	 not	 applicable	 to	 the	 present	 study	 as	 the	 parental	 generation	 was	 wild	 caught.	 To	
investigate	 what	 could	 have	 caused	 these	 very	 unexpected	 results	 we	 compared	 the	 findings	 of	 this	
experiment	 to	 the	most	 similar	 data	 set	 using	 data	 from	 larvae	 of	wild	 caught	 fish	 exposed	 to	 a	 very	
similar	pCO2	 stressor,	 under	 the	 same	 rearing	 protocol	 in	 the	 same	 facility	 under	 low	 food	 treatment	
presented	in	(Stiasny	et	al.,	2016).		
When	comparing	the	2014	experiment	to	the	present	study	(table	1),	it	becomes	evident	that	there	is	a	
general	 lack	 of	 reaction	 of	 larvae	 to	 increased	 pCO2	 in	 the	 present	 study.	 We	 had	 expected	 that,	
independent	 of	 the	 parental	 treatment,	 larvae	 reared	 in	 high	 pCO2	would	 display	 similar	 reactions	 as	
observed	 in	 the	 2014	 experiment,	 e.g.	 as	 already	 seen	 for	 the	 previously	 repeatable	 outcome	 of	
mortality	 in	 response	 to	 ocean	 acidification	 of	 different	 stocks	 (Stiasny	 et	 al.,	 2016	 Western	 Baltic	
compared	 to	 Wild	 Barents	 Sea	 compared	 to	 Stiasny	 et	 al.,	 submitted	 b).	 However,	 the	 analyzed	
parameters	(larval	 length,	dry	weight,	ossification	of	vertebrae,	 lipid	content	and	RNA/DNA	ratio)	at	34	
dph	 in	 2015	 compared	 to	 36	 dph	 in	 the	 2014	 experiment	 generally	 reflect	 the	 state	 of	 the	 low	 food	
control	e.g.	ambient	pCO2	treatment.	The	lack	of	response	becomes	particularly	obvious	when	examining	
the	whole	transcriptome	analysis	conducted	on	the	larvae	from	ambient	parents,	where	out	of	~	23000	
gene	 annotations	 no	 genes	 were	 differentially	 expressed	 between	 the	 ambient	 and	 high	 pCO2	 larval	
treatments	 (padj	 ≤	0.05,	FDR	=	BH).	This	presents	a	 strong	contrast	 to	 the	2014	experiment,	where	 the	
same	 treatment	 levels	 resulted	 in	 1412	 differentially	 expressed	 genes	 (padj	 ≤	 0.05,	 FDR	 =	 BH)	
(Mittermayer	et	 al.,	 submitted).	 If	 this	differential	 expression	pattern	 is	due	 to	 the	differential	 growth	






























































































































































































































































































































































































































































































































As	 different	 populations	 of	 the	 same	 species	 can	 have	 potentially	 variable	 responses	 to	 a	 stressor	
depending	on	local	adaptation	(Conover,	1998;	Sanford	&	Kelly,	2011;	Thor	et	al.,	2018),	it	was	important	
to	 ensure	 that	 we	 are	 comparing	 experimental	 results	 from	 the	 same	 population.	 This	 is	 particularly	
important	 in	 the	case	of	Atlantic	Cod,	as	 it	has	been	hypothesized	 that	 some	populations,	namely	 the	






the	 North	 Eastern	 Arctic	 Cod	 or	 “Skrei”	 (NEAC).	 These	 population	 are	 separated	 by	 behaviour	 e.g.	
spawning	depth	(Vikebø	et	al.,	2007)	and	development	(Rollefesen,	1933	as	cited	by	Berg	et	al,	2016)	as	
well	as	chromosomal	rearrangements	(Berg	et	al.,	2016).	Larvae	of	Atlantic	cod	from	different	population	





matched	 previous	 findings	 by	 Paulsen	 et	 al	 (2009)	 of	 larger	 eggs	 allowing	 for	 a	 higher	 survival	 of	 the	
hatched	 larvae.	 Smaller	 eggs	 (2014	 experiment)	 appear	 to	 have	 higher	mortality	 compared	 the	 larger	
eggs	 (present	 study).	 But	 this	 pattern	 is	 evident	within	 the	present	 study	were	 larger	 eggs	 (from	high	
pCO2	 parents)	 exhibited	 lower	 survival	 compared	 to	 smaller	 eggs	 from	ambient	 parents	However,	 the	
findings	between	experiments	are	 supported	by	 the	general	notion	 that	 larger	eggs	generally	 result	 in	
larger	 larvae,	 but	 also	 do	 these	 larger	 larvae	 in	 term	 generally	 out-compete	 their	 smaller	 equals	 in	
unfavorable	low	food	conditions	as	a	higher	amount	of	stored	energy	allows	for	longer	survival	(Paulsen	
et	al.,	2009).	This	is	generally	explained	by	a	longer	time	until	“point-of-no-return”(Yin	&	Blaxter,	1987)	
as	well	 as	more	 rapidly	 outgrowing	 their	 predators	 (reviewed	 in	 Sogard,	 1997)	 (not	 applicable	 in	 this	
experiment).	 In	 addition	 to	 these	 two	 advantages,	 it	 can	 be	 hypothesized	 that	 the	 increased	 energy	
storage	 in	 larger	 eggs	would	 allow	 larvae	 to	 better	 cope	with	 a	 stressful	 environment.	 As	 the	 earliest	
stages	of	larvae	(6	dph)	only	show	limited	transcriptomic	response	to	increased	pCO2	(Mittermayer	et	al.,	
submitted)	it	could	be	possible	that	larvae	at	this	stage	can	buffer	unfavorable	environmental	conditions	




good	 animal	 husbandry	 for	 a	 much	 longer	 time	 during	 2015	 with	 ad	 libitum	 feeding	 being	 the	most	
obvious	influence.	This	feeding	did	improve	the	condition	in	adult	cod	in	2015	being	reflected	as	energy	
stored	 in	 the	 liver,	e.g.	 liver	weight	 in	 relation	to	body	weight	 (Lambert	&	Dutil,	1997)	 (hepatosomatic	
index))	increasing	until	spawning	(figure	4)	with	a	slight	decrease	during	spawning	due	to	loss	of	appetite	
(Kjesbu	 et	 al.,	 1991).	 Even	 in	 the	 wild	 population,	 increased	 condition	 in	 response	 to	 increased	 prey	
	 79	
(capelin)	 abundance	 has	 been	 observed	 for	 Barents	 Sea	 cod	 (Yaragina	 &	 Marshall,	 2000).	 As	 no	






et	 al.,	 1994;	Donelson	et	 al.,	 2008)	even	allowing	 for	 increasing	 the	 resilience	 to	environmental	 stress	
(Henrotte	et	 al.,	 2010).	 Egg	 size	 is	 not	 the	only	proxy	 for	 egg	quality,	 parental	 condition	 can	alter	 egg	
quality	 by	 other	 means	 than	 size	 such	 as	 maternal	 provisioning	 by	 alteration	 of	 yolk	 composition	
(Rainuzzo	et	al.,	1995).	Recently	Snyder	et	al.	(2018)	showed	that	offspring	sensibility	to	increases	pCO2	is	
directly	connected	to	the	provisioning	of	the	eggs	with	fatty	acid.	We	thus	present	the	hypothesis	that	
increased	 parental	 condition	 led	 to	 the	 production	 of	 higher	 quality	 offspring	 that	 showed	 higher	













the	 offspring.	 Metabolism	 is	 divided	 into	 one	 component	 coupled	 to	 growth	 and	 biosynthesis	 and	
another	coupled	to	maintenance	(Jobling,	1983).	Although	possible	changes	could	be	masked	by	the	high	
variability	 in	 the	 data,	 we	 observed	 no	 significant	 decrease	 in	 growth	 (there	 was	 a	 tendency	 for	 the	
opposite	in	standard	length).	It	therefore	seems	plausible	that	the	observed	lowering	of	metabolic	rates	
was	a	result	of	some	conditioning	factor(s)	carried	from	parents	subjected	to	OA.	Such	parental	effects	
have	 been	 observed	 in	 the	 anemonefish,	 Amphiprion	 melanopus	 where	 increased	 metabolic	 rates	 in	
juveniles	caused	by	low	pH	and	high	temperature	were	reversed	in	the	offspring	(Miller	et	al.,	2012).	In	





stock	was	exposed	 for	six	weeks	 to	ambient	and	 increased	 level	of	pCO2,	 survival	was	 lowest	 in	 larvae	
under	 high	 pCO2	 from	 high	 pCO2	 acclimated	 parents.	 But	 this	 pattern	 was	 only	 found	 the	 low	 food	
	 80	
treatment.	 The	 high	 food	 treatment	 of	 the	 larvae	 caused	 a	 positive	 effect	 in	 response	 to	 parental	
acclimation	 (Stiasny	 et	 al.,	 submitted	 b).	 The	 observed	 trend	 in	 the	 present	 study	 of	 the	 interaction	
between	 parental	 and	 larval	 treatment	 on	 larval	 survival	 could	 then	 be	 potentially	 interpreted	 as	 an	





relating	 to	 the	whole	 food	web	and	ecosystem	changes.	 If	ecosystems	change	 towards	a	status	where	
the	 parental	 fish	 are	 no	 longer	 able	 to	 reach	 a	 good	 condition,	 as	 seen	 by	 natural	 variation	 already	
(Yaragina	&	Marshall,	2000;	Kjesbu	et	al.,	2014),	this	might	not	only	result	in	a	decrease	in	fecundity	but	
also	a	change	in	offspring	reaction.	As	the	effect	of	climate	change	on	ecosystems	in	respect	to	fish	is	still	
relatively	 unknown(Sswat	 et	 al.,	 in	 review;	 Goldenberg	 et	 al.,	 2017),	 more	 information	 needs	 to	 be	













focus	 on	 whether	 the	 parental	 generation	 was	 under	 human	 care	 for	 any	 extended	 period	 prior	 to	
gamete	collection.	While	a	parental	acclimation	to	laboratory	conditions	prior	to	the	start	of	experiments	
is	generally	a	good	practice	to	reduce	the	variations	caused	by	the	recent	history	of	the	animals	prior	to	
capture,	 too	 good	 care	 given	 to	 the	 parental	 generation,	meaning	 excess	 food,	 lack	 of	 predators	 and	
pathogen	 control	 could	 potentially	 lead	 to	 increased	 condition	 of	 parents	 and	 gamete	 quality	 when	
comparing	 to	animals	directly	 taken	 from	the	wild.	This	could	 further	 result	 in	experimental	outcomes	
that	do	not	reflect	the	 in	situ	conditions	and	potentially	create	false	assumptions	on	the	robustness	of	
fish	 larvae	 in	 response	 to	 predicted	 ocean	 acidification.	 If,	 additionally	 to	 the	 gamete	 and	 offspring	
quality,	 the	 eggs	 size,	 as	 a	 function	 of	maternal	 age	 and	 size,	 is	 the	main	 driver	 behind	 larval	 fitness	
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During	 the	 last	 decade,	 research	 on	 the	 effects	 of	 ocean	 acidification	 on	marine	 biota	 has	 expanded	
rapidly.	A	relatively	new	focus	are	the	early	life	stages	of	fish,	and	results	of	partially	severe	physiological	
impairment	falsified	earlier	notions	that	fish	as	potent	regulators	of	ion	concentration	and	pH	should	be	
largely	 unaffected	 by	 ocean	 acidification.	 Nevertheless,	 the	 scientific	 community	 remains	 at	 least	
partially	divided	regarding	the	question	of	a	general	vulnerability	of	fish	embryos	and	larvae	to	increased	
pCO2	levels.	This	dissertation	set	out	to	 investigate	some	of	the	yet	unanswered	questions	 in	this	field,	




impacted	 and	 unaffected	 traits	 in	 cod	 larvae.	 However,	 the	 unpresidented	 combination	 of	 many	
examined	phenotypic	responses	and	next	generation	transcriptome	sequencing	allowed	for	a	new,	more	
comprehensive	understanding	of	 the	effects	of	 increased	pCO2	on	 larval	physiology	 (chapter	1	 and	2).	





































Larvae	 of	 Atlantic	 cod	 phenotypes	 are	 highly	 impacted	 by	 increased	 pCO2	 (cf	 Chapter	 1).	 Growth,	
development	and	ossification	are	affected,	additionally	severe	tissue	damages	in	liver	and	several	other	
organs	 were	 observed.	 The	 effect	 of	 increased	 pCO2	 levels	 on	 gill	 development	 was,	 besides	 the	
previously	 documented	 increased	mortality	 (Stiasny	 et	 al.,	 2016),	 the	 only	 indicator	 that	 larvae	 under	
high	 food	 availability	 were	 also	 detrimentally	 affected.	 It	 would	 have	 been	 highly	 interesting	 to	
document	whether	or	not	most	severely	affected	larvae	were	continually	removed	via	natural	selection	
(mortality)	throughout	development	as	suggested	based	on	tissue	damage,	growth	and	lipid	contents	by	
Frommel	 et	 al.	 (2012).	 The	 present	 experiment	 supports	 the	 need	 for	 sampling	 across	 multiple	








2).	 This	was	 further	 supported	by	 the	absence	of	differentially	 expressed	genes	 related	 to	 the	 cellular	





of	 the	 few	 genes	 differentially	 expressed	 in	 the	 early	 larval	 stages	 of	 cod	was	 collagen	 alpha-1(XXVII)	
chain	B	(col27a1b),	a	gene	of	importance	in	skeletal	development.	This	presents	a	potential	cause	of	the	
observed	 increased	 ossification	 under	 high	 pCO2.	 Dahlke	 et	 al.	 (2017)	 observed	 that	 ionocyte	
morphology	and	concentration,	important	for	acid-base	regulation	of	larvae,	was	not	affected	by	pCO2	in	
newly	 hatched	 cod	 larvae.	 They	 further	 hypothesized	 that	 additional	 costs	 could	 originate	 from	other	
regulatory	mechanisms	 besides	 proton	 excretion	 such	 as	 defense	mechanism	 against	macro	molecule	
damages.	However,	no	such	pattern	was	identifiable	when	investigating	the	transcriptome	of	6	dph	cod	
larvae	(chapter	2).	
The	 results	 of	 my	 transcriptome	 study	 are	 in	 accordance	 with	 the	 only	 other	 similar	 study	 on	 early	
juvenile	Sea	bass	 (Crespel	et	al.,	2017),	where	a	pattern	of	 few	differentially	expressed	genes	was	also	
found.	 But	 while	 the	 CO2	 treatment	 did	 not	 cause	 diverging	 development	 in	 sea	 bass,	 cod	 larvae	




acclimation	 prior	 to	 gamete	 collection	 the	 only	 possible	 experimental	 approach	 to	 assess	 acclimation	
effects	 over	 2	 generations.	 For	 the	 NEAC	 population,	 an	 experiment	 that	 was	 to	 address	 full	




Munday,	 2015),	 the	 length	 of	 the	 parental	 exposure	 or	 acclimation	 did	 significantly	 improve	 the	
performance	of	the	offspring.	
However,	 it	 is	 important	 to	 state	 again	 that	 no	 clear	 consensus	 has	 yet	 been	 reached	on	 the	positive	
mediatory	 effect	 of	 transgenerational	 acclimation.	 Many	 studies	 on	 parental	 or	 transgenerational	
acclimation	result	in	lack	of	change	in	offspring	fitness	or	even	document	an	additional	negative	effect	of	
parental	exposure	to	the	stressor	(reviewed	in	Uller	et	al.,	2013	and	Donelson	et	al.,	2017).		
Chapter	 3	 aimed	 towards	 estimating	 these	effects	 on	 the	 fitness	of	Atlantic	 cod	 larvae	 in	 response	 to	
predicted	levels	of	ocean	acidification.	As	it	turned	out,	two	unintentional	confounding	factors	compared	
to	the	previous	studies	on	North	East	Arctic	cod	(Stiasny	et	al.,	2016,	Chapter	1&2)	were	observed:	(1)	an	





or	the	 larger	egg	sizes	are	most	 likely	 indicator	for	the	unexpected	larval	responses	(mortality,	growth,	
development,	 etc.).	 Transcriptomic	 analyses	 between	 larvae	 from	 ambient	 and	 high	 pCO2	 larval	
treatment,	 both	 from	 parents	 acclimated	 to	 ambient	 pCO2	 conditions	 revealed	 no	 differentially	
expressed	 genes.	 This	 absence	 in	 gene	 expression	 response	 and	 lack	 of	 indications	 for	 different	
development	 between	 the	 treatments	 (Chapter	 3)	 strengthens	 the	 conclusion	 that	 the	 largest	 part	 of	
differential	gene	expression	in	older	cod	larvae	(Chapter	2)	is	due	to	their	differential	development	and	
not	the	direct	effects	of	increased	pCO2.	
In	 the	 light	 of	 the	 2015	 experiment	 a	 critical	 question	 is	 whether	 or	 not	 the	 general	 conclusion	 of	
enhanced	 mortality	 due	 to	 simulated	 ocean	 acidification	 holds	 true.	 In	 order	 to	 assess	 this,	 a	 meta-
analysis,	as	a	statistical	tool	to	summarize	studies,	was	performed.	Even	though	the	study	presented	in	
chapter	 3	 did	 not	 identify	 the	 previously	 observed	 significantly	 increased	 mortality	 in	 response	 to	
increased	 pCO2	 (Stiasny	 et	 al.,	 2016,	 submitted),	 the	 meta-analysis	 (for	 detailed	 methods	 see	
supplementary	information)	based	on	all	available	data	of	 larval	survival	 in	response	to	increased	pCO2	





Figure	 5:	 Results	 of	 a	meta-analysis	 on	 survival	 of	 Atlantic	 cod	 larvae	 at	 16	 days-post-hatch.	Data	 sources	 (1)	
Stiasny	et	al.(submitted),	 (2)	Stiasny	et	al.	2016	and	Chapter	3.	X-axis	presents	the	Ln	response	ration	of	 larval	





becomes	 evident	 that	 proposed	 effects	 of	 parental	 condition	 (chapter	 3)	 have	 often	 been	 entirely	
neglected.	 In	many	 cases,	 there	 is	 little	 to	 no	 information	 on	 the	 parental	 population,	 how	 long	 they	
have	been	kept	 in	captivity,	how	they	have	been	fed	and	how	their	own	condition	as	well	as	offspring	
quality	 compares	 to	 wild	 populations.	 Particularly,	 when	 the	 parental	 generation	 has	 been	 held	 in	
captivity	 for	 most	 of	 their	 life,	 is	 part	 of	 an	 aquaculture-breeding	 program,	 or	 resulted	 from	
domesticated	 animals.	 Results	 concerning	 resilience	 should	 not	 be	 directly	 transferred	 to	 wild	
populations.	As	unintentional	selection	could	have	occurred,	 favoring	robust	genotypes	 to	 the	stressor	
(Ellis	 et	 al.,	 2016).	 In	 general,	 fish	 from	 aquaculture	 stocks	 might	 have,	 in	 addition	 to	 the	 “hidden	
treatment”	of	good	husbandry,	been	accidently	exposed	 to	 transgenerational	acclimation	 to	 increased	
pCO2.	This	is	caused	by	the	accumulation	of	CO2	from	respiration	in	intensive,	high	density	aquaculture,	




Base	 on	my	 results	 and	 the	 recent	 doctoral	 dissertation	 by	Martina	 Stiasny	 (2017),	 it	 is	 evident	 that	
additional	 research	 on	 the	 topic	 of	 larval	 fish	 resilience	 and	 susceptibility	 to	 ocean	 acidification	 is	
needed,	particularly	 in	commercially	 important	species	such	as	cod.	Knowledge	gaps	 remain	 in	several	
key	areas	such	as	ecophysiology,	evolutionary	ecology	and	epigenetics.	The	remaining	questions	include	
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and	 cause	 increased	 mortality	 and	 other	 observed	 phenotypic	 responses.	 Particularly,	 an	 adjusted	
sampling	approach,	covering	additional	developmental	stages	as	well	as	organ	specific	sampling,	would	
allow	for	future	transcriptomic	and	possibly	proteomic	studies	which	could	yield	interesting	results	and	
help	to	pinpoint	 traits	 that	allow	certain	species	to	be	resilient	 to	 increased	pCO2	while	others	such	as	
Atlantic	cod	are	so	heavily	impacted.	
The	 importance	of	 transgenerational	 effects	 and	parental	 acclimation,	 a	major	 objective	 of	my	 thesis,	
remains	partly	unanswered.	The	absence	of	direct	effects	 in	 larvae	under	direct	exposure	to	 increased	
pCO2,	 suppose	 to	 serve	 as	 a	 “control”	 to	 asses	 the	 effects	 of	 parental	 acclimation,	 did	 not	 allow	
quantifying	 any	 possible	 effects	 of	 the	 parental	 treatment	 in	 combination	 with	 larval	 treatments	
exposure.	As	 it	 is	difficult	 to	perform	comprehensive,	 long-term	expriments	with	such	as	 late	maturing	
and	large	bodied	fish	as	cod	it	is	important	to	desing	the	experimental	set-up	in	a	way	to	control	for	as	
much	of	the	variation	as	possible.	For	instance,	parental	genotypes	should,	in	ideal	case,	be	addressed	by	
an	 experimental	 family	 design	 to	 account	 for	 possible	 variation	 in	 offspring	 fitness.	 A	 future	 addition	
could	even	address	changes	in	the	larval	microbiome	under	simulated	ocean	acidification,	as	potentially	
important	 for	 an	 organism’s	 ability	 to	 cope	 with	 climate	 change	 (Torda	 et	 al.,	 2017).	 Future	 studies	
should	focus	on	the	connection	between	parental	and	larval	genotype	to	larval	fitness,	when	that	at	least	
some	parts	of	a	population	should	harbor	genotypes	that	result	in	higher	than	average	fitness	under	an	
environmental	 stressor	 (Munday	et	 al.,	 2009a;	Pespeni	 et	 al.,	 2013;	 Schunter	et	 al.,	 2016).	 To	address	
this,	 it	 would	 be	 interesting	 to	 assess	 the	 fitness	 of	 offspring	 from	 different	 families,	 most	 easily	 by	
investigating	family	dependent	mortality.	Initial	trials	have	been	performed	in	our	group,	but	limitations	
in	the	experimental	design	did	so	far	not	allow	for	any	conclusive	quantification	and	reasons	for	variable	
fitness	 of	 cod	 larvae	 from	 different	 parents	 in	 response	 to	 simulated	 ocean	 acidification.	 Yet	 another	
question	 that	 should	 be	 addressed	 is	 to	what	 degree	 local	 adaptation	 to	 hypercapnia	 can	 change	 the	
reaction	 norm	 in	 certain	 populations	 (Thomsen	 et	 al.,	 2017).	 While	 strong	 effects	 of	 this	 have	 been	
suggested	 for	 Eastern	 Baltic	 cod	 (Frommel	 et	 al.,	 2013),	 comprehensive	 common	 garden	 experiments	
could	not	only	yield	answers	on	local	adaptation,	but	further	allow	to	once	more	pinpoint	traits	causing	
resilience	 to	 simulated	 ocean	 acidification.	 As	 for	 investigating	 the	 mechanism	 underlying	
transgenerational	plasticity,	epigenetic	changes	 in	 response	 to	parental	exposure	must	be	 investigated	
with	more	suitable	breeding	designs.	However,	 this	 is	due	 to	 the	 long	generation	 time	and	 large	body	
size	not	feasible	for	Atlantic	cod	and	should	be	addressed	using	other	fishes.	




comprehensive	 experiment,	 specifically	 designed	 to	 disentangle	 confounding	 influences	 of	 parental	




has	 an	 impact	 on	 how	 the	 early	 life	 stages	will	 react	 to	 the	 encountered	 stressor.	 This	 is	 particularly	
	 96	
important	 as	 the	 material	 used	 in	 the	 studies	 ranges	 from	 wild	 caught	 larvae	 for	 behavioural	 trials	
(Munday	 et	 al.,	 2010),	 spawning	 of	 wild	 caught	 parents	 (Baumann	 et	 al.,	 2012;	 Stiasny	 et	 al.,	 2016),	
rearing	of	wild	caught	juveniles	until	spawning	(Hurst	et	al.,	2013,	2017)	to	using	parental	material	from	
aquaculture	stocks	(Pimentel	et	al.,	2014b;	Frommel	et	al.,	2016).	And	finally,	as	ocean	acidification	is	not	






of	 change	 unprecedented	 in	 geological	 history.	 Humankind	 is	 still	 fully	 dependent	 on	 its	 surrounding	
world	 and	 the	 ecosystem	 services	 it	 provides.	 This	 includes	 food	 security	 from	 the	 oceans,	 including	
many	low	income	nations	relying	heavily	on	protein	from	the	sea	(Allison	et	al.,	2009).	It	is	therefore	of	
equal	 importance	 to	 reduce	 the	 impact	 of	 anthropogenic	 activities	 as	 well	 as	 to	 understand	 how	
activities	 in	 the	 past	 and	 present	 will	 continue	 to	 impact	 the	 future	 oceans.	 A	 clear	 and	 coherent	
understanding	of	how	the	ecosystems	and	key	species	will	react	to	climate	change	is	 important,	but	 in	
order	 to	make	 fully	competent	decision	 the	knowledge	of	 the	underlying	mechanism	 is	paramount	 for	
our	future.		
In	summary,	we	can	conclude	that	transcription	profiling	and	phenotypic	effects	under	simulated	ocean	
acidification	 correlated	 only	 poorly.	 The	 parental	 environment	 and	 condition	 must	 be	 taken	 into	
consideration	when	 performing	 experiments,	 as	 they	might	 have	 the	 ability	 to	 affect	 offspring	 fitness	
more	strongly	that	ocean	acidification	by	 itself.	Since	food	 in	the	wild	 is	always	 limited,	and	conditions	
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Arbeitsgruppe	 zu	absolvieren,	 für	deine	konstruktive	Kritik	und	Unterstützung.	Ohne	deinen	 Input	und	
Vorschläge	wären	nicht	solche	interessanten	Publikationen	dabei	herausgekommen.		
Catriona,	 ohne	 dich	 wäre	 diese	 Doktorarbeit	 nicht	 zustande	 gekommen.	 Mit	 deiner	 konstanten	
Unterstützung,	positive	Einstellung	und	Begeisterung	hast	du	erst	den	Abschluss	möglich	 gemacht.	Du	
hast	mich	 in	die	Welt	 der	 Fischlarven	eingeführt,	 etwas,	 das	mir	 in	 den	 letzten	3,5	 Jahren	 viel	 Freude	
gebracht	hat	und	mich	nicht	mehr	loslassen	wird.	
Vielen	Dank	möchte	ich	auch	an	meinen	Zweitgutachter	Frank	Melzner	richten.	
Ohne	alle	meine	Kollegen	und	Freunde	am	GEOMAR	und	Anderswo	wären	die	 vergangen	 Jahre	 sicher	
produktiv	 aber	 nicht	 so	 angenehm	und	 lustig	 gewesen.	 Danke	Andrea,	 Isa,	Corinna,	Philip,	Alejandro	







ich	 hin	 und	 wieder	 eure	 Meinung	 zu	 verschiedensten	 Themen	 einholen	 durfte.	 Danke	 Conny	 R.	 und	
Svend	für	die	Hilfen	in	Verwaltung,	Technik	und	Logistik.	Und	natürlich	allen	anderen	in	der	EV.	
Wer	 viel	 in	 Labor	 und	 Büro	 ist,	 braucht	 auch	 mal	 frische	 Luft	 und	 Bewegung.	 Und	 Sport	 macht	
gemeinsam	 ja	bekanntlich	 am	meisten	 Spaß,	 daher	möchte	 ich	mich	 für	 die	 vielen	 schweißtreibenden	
aber	lustigen	Stunden	auf	dem	Rasen	bei	Jan,	Henry,	Christian,	Moritz,	Andrea,	Jacob	und	dem	Rest	der	
Fußballrunde	bedanken.	Nach	meiner	Ankunft	in	Kiel	hat	mein	damaliges	Hobby,	Tauchen,	sehr	gelitten,	
aber	 ich	 habe	 im	 Fahrradfahren	 einen	mehr	 als	 ebenbürtigen	 Ersatz	 gefunden.	 Danke,	 Flo,	Burkhard,	
Christian,	Giannina,	 Lena,	Micha,	 Sue,	 Trystan	 und	 Lara	 für	 die	 vielen	 schönen	 Touren,	 egal	 ob	 auf	
Asphalt	oder	im	Schlamm.	Meine	„Fisch-verrückten“	Freunden	Thorsten,	Fabian	und	Matthias,	danke	für	
eure	Hilfe	mit	Tipps,	Tricks	und	Fachgesimpel	bei	allem,	was	 sich	um	Fische	dreht,	egal	ob	hinter	Glas	
oder	 am	 Haken.	 Und	 natürlich	 all	 den	 anderen,	 die	 mein	 Leben	 in	 Kiel	 zu	 dieser	 fantastischen	 Zeit	
machen,	 aber	 bisher	 keinen	 Platz	 in	 einer	 Freizeit-Kategorie	 gefunden	 haben:	 Lisa,	Kirti,	Sof,	Kosmas,	
Jenny,	Tammo,	Agnes,	Tillmann,	Dave,	Serra,	 Janina	 und	allen	die	 ich	vergessen	haben.	Und	 John	 für	
seine	Burger	;-).	
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Tack	också	 till	er	alla	 i	Sverige	som	har	varit	med	på	vägen	 från	kandidat	 tiden	 i	Göteborg	 till	 tiden	på	
Tjärnö:	Stina,	Thomas,	David,	Emmilie,	Emmilia,	Camilla,	Bark,	Kevin	och	Arvid.	Dessutom	vill	jag	tackar	
allt	folk	på	Tjärnö	labbet	och	Dykgänget.		








Essen	 begeisterst	 hast,	 Hans-Dieter,	 danke	 für	 die	 handwerklichen	 Fähigkeiten	 und	 technische	
Sichtweisen,	 die	 du	 mir	 bei	 gebracht	 hast	 und	 Lydia,	 vielen	 Dank,	 dass	 du	 mich	 den	 Künsten	
nahegebracht	hast,	und	auch	wenn	ich	weder	begabter	Künstler,	Autor	noch	Musiker	bin,	so	hast	du	mir	
doch	beigebracht,	all	das	zu	schätzten.	Marina,	Peter,	Jonas,	Nicki	und	dem	Rest	meiner	Familie	danke	
ich	auch,	 für	 ihren	 ständigen	Beistand.	Pablo,	wir	 kennen	uns	nun	 schon	ein	 Leben	 lang,	du	bist	mein	
engster	Freund	und	darüber	bin	ich	sehr	froh	und	dankbar.	Und	als	letztes	will	ich	mich	noch	bei	meiner	
liebsten	 Lara	 bedanken.	 Du	warst	meine	 größte	 Kritikerin	 und	 „Motivatöse“	während	 der	 letzten	 Zeit	


















von	 mir,	 unter	 Beratung	 meiner	 Betreuer,	 selbständig	 verfasst	 wurde,	 nach	 Inhalt	 und	 Form	 meine	
eigene	Arbeit	ist	und	keine	weiteren	Quellen	und	Hilfsmittel	als	angegeben	verwendet	wurden.	
Diese	 Dissertation	 ist	 unter	 der	 Einhaltung	 guter	 wissenschaftlicher	 Praxis	 der	 Deutschen	
Forschungsgemeinschaft	entstanden	und	wurde	weder	im	Rahmen	eines	Prüfungsverfahrens	vorgelegt,	
noch	anderswo	veröffentlicht.	
Zur	 Veröffentlichung	 eingereichte	 Manuskripte	 sind	 im	 Appendix	 unter	 „Author	 Contributions“	
kenntlichgemacht.		
Ich	 erkläre	 mich	 damit	 einverstanden,	 dass	 diese	 Dissertation	 an	 die	 Bibliotheken	 des	 GEOMAR	












Kiel,	den	28	März	2018				 	 	 	 ………………………………………………………………	













the	experiment;	V.P.	and	A.M.	supported	 the	experiment	and	provided	 the	 facilities;	N.K.S.	performed	
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Larval	age	 Response	 Fixed	factor	 F	 DF	 p-value	
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All	stages	 28	 7.5	 2.4	 25.61	 15.32	 2139.12	 10.22	 439.50	 43.52	 8.01	 0.04	
	 Parental	
incubation	
5	 4.6	 0.3	 37.20	 13.31	 2154.93	 1.91	 422.27	 4.34	 8.02	 0.01	
	 Embryo	 6	 5.3	 0.1	 41.33	 11.09	 2139.99	 2.27	 384.73	 17.55	 8.06	 0.02	
	 Larvae	 17	 9.1	 1.7	 16.65	 9.65	 2134.16	 8.32	 463.89	 35.29	 7.99	 0.03	
Increased	
pCO2	
All	stages	 29	 7.6	 2.4	 30.59	 17.27	 2250.58	 20.67	 1027.41	 150.18	 7.67	 0.06	
	 Parental	
incubation	
5	 4.6	 0.4	 46.00	 9.92	 2274.75	 29.23	 1091.51	 282.80	 7.64	 0.10	
	 Embryo	 6	 5.3	 0.1	 45.17	 6.82	 2254.75	 8.94	 919.90	 56.09	 7.71	 0.02	
















































Source	of	variation	 Degrees	of	freedom	 F	 P-value	
Treatment	 1	 1.515	 0.220	
Date	 3	 61.868	 <2x10-16	







Parental	treatment	 1	 31.722	 1.16*105	
Larval	treatment	 1	 0.262	 0.6135	






	Variable	 DF	 t-ratio	 p-value	 DF	 t-ratio	 p-value	
Standard	length	(CM)	 30,403	 -2,1273	 0,04162	 45,544	 -1,2639	 0,2127	
Weight	(g)	 31,286	 -1,4174	 0,1662	 52,838	 -0,05354	 0,5947	
GSI	 31,507	 1,072	 0,2919	 52,245	 -0,16598	 0,8668	







































































































































































































Source	of	variation	 Df	 F	 P-value	
Parental	treatment	 1	 10.327	 0.00287	
Larval	treatment	 1	 0.894	 0.35101	
Age	 1	 3.679	 0.06352	
Parental	treatment:	larval	treatment	 1	 1.062	 0.31000	
Parental	treatment:	age	 1	 3.716	 0.06228	
Larval	treatment:	age	 1	 0.073	 0.78798	







	Source	of	Variation	 DF	 F	 p-value	 DF	 F	 p-value	
Intercept	 1	 293.5477	 1.768x10-15	 1	 375.6253	 <2x10-16	
Parental	treatment	 1	 0.0886	 0.7683	 1	 1.3908	 0.2492	
Larval	Treatment	 1	 0.4129	 0.5269	 1	 0.0018	 0.9664	





















































































































































Source	of	variation	 Df	 X2	 p-value(>X2)	
Intercept	 1	 18.8212	 1.436x10-05	
Parental	treatment	 1	 1.9477	 0.1628	
Larval	treatment	 1	 0.3945	 0.5299	



























































































































































































































































































































































































































































































































































































































Comparison	 Z	 p-value	 p-adjusted	
Ambient	pCO2	–High	pCO2	 -7.835789	 4.659076*10-15	 4.659076*10-15	
Ambient	pCO2-	2014	Experiment	 11.588879	 4.692330*10-31	 7.038496*10-31	
High	pCO2-	2014	Experiment	 17.496776	 1.516126*10-68	 4.548378*10-68	
	
	
Table	12:	Tukey’s	Post-hoc	 test	on	hepatosomatic	 Index	 (HSI)	between	acclimated	 fish	 from	ambient	and	high	
pCO2	and	wild	fish	from	mid-march	2014.	
Comparison	 Difference	 Lower	 Upper	 p-adjust	
Ambient	 pCO2	 –High	
pCO2	
-0.003533209	 -0.01744428	 0.01037786	 0.8158356	
Ambient	 pCO2-	 2014	
Wild	
-0.032229218	 -0.04408763	 -0.02037081	 0.0000001	











































Survival	 data	 of	 Atlantic	 cod	 larvae	 after	 16	 days	 post	 hatch	was	 extracted	 from	 Stiasny	 et	 al.	 (2016,	
submitted)	 and	 chapter	 3.	Means	 and	 SD	 for	 the	 larval	 control	 (ambient)	 and	 high	pCO2	was	 used	 to	
calculated	the	response	(natural	logarithm	on	response	ration-	ln	RR).	A	meta-analysis	was	performed	in	



























Study	 Estimate	 95%	ci	 Weight	
Aquaculture	 Ambient	pCO2	 High	 1	 -1.549	 (-2.418,	 -
0.680)	
8.163%	
Aquaculture	 Ambient	pCO2	 Low	 1	 -0.512	 (-1.229,	
0.205)	
9.992%	
Aquaculture	 High	pCO2	 High	 1	 0.348	 (-0.525,	
1.222)	
8.118%	
Aquaculture	 High	pCO2	 Low	 1	 -0.720	 (-1.092,	 -
0.348)	
15.339%	
NEAC	 none	 High	 2	 -.733	 (-1.422,	 -
0.044)	
10.367%	
NEAC	 none	 Low	 2	 -1.061	 (-1.842.	 -
0.281)	
9.182%	
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